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ABSTRACT 
TEM Investigation of Contact Loading Induced Phase Transformation in Silicon 
Daibin Ge 
Yury Gogotsi, Supervisor, Ph.D. 
 
 
 
 
Uniaxial compression in a diamond anvil cell (DAC) and indentation tests were 
used to achieve high contact pressures on silicon samples. Transmission electron 
microscopy (TEM) investigations, supplemented by depth-sensing indentation, Raman 
microspectroscopy and X-ray microdiffraction (Micro-XRD), were carried out to study 
pressure induced phase transformations in silicon. It has been believed that a phase 
transformation from a cubic diamond structure (Si-I) to a β-tin structure (Si-II) takes 
place during nanoindentation. It was discovered that with slow unloading, the β-tin 
structure could be transformed into two metastable crystalline phases, Si-III and Si-XII. 
These two structurally similar phases were distinguished by using selected area 
diffraction and high resolution imaging, and their spatial distributions within indentation 
were determined in dark field TEM micrographs. 
The thermal stabilities of metastable silicon phases produced by nanoindentation 
were thoroughly studied by annealing experiments. In particular, we suggested the 
formation of a new silicon phase, referred SI-XIII, during heating at elevated 
temperatures. In situ heating experiments showed that different transformation paths exist 
 xvii
for the metastable silicon phases present in the indentations. In loosely constrained areas, 
Si-III and Si-XII often directly collapse into an amorphous structure, whereas in 
relatively thicker areas of ion-milled samples, the new Si-XIII structure and Si-IV may 
form. The phase transformation sequence during heating of indented samples was 
established as Si-XII → Si-III → Si-XIII → Si-IV/a-Si → Si-I. 
In addition, DAC experiments provide a means to monitor the pressure induced 
phase transformation in silicon, with the aid of Raman spectroscopy. Consistent with 
nanoindentation work, DAC experiments showed similar phase transformation paths 
during a compression-decompression cycle and upon subsequent heating. In particular, 
formation of Si-II was confirmed in DAC tests. However, the formation of Si-XIII in 
DAC samples is much less probable than in nanoindentation.  
Finally, a novel technique for investigation of indented materials was developed 
through the successful application of TEM observations in silicon, enabling direct 
microscopic study of structural changes under contact loading in a wider range of 
materials. It was also shown that characterization methods such as TEM, micro-XRD, 
Raman spectroscopy, nanoindentation, and DAC are complementary in the 
comprehensive analysis of materials deformation and structural changes induced by 
contact loading. 
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CHAPTER 1.  INTRODUCTION 
Contact loading is one of the most common mechanical impacts that materials 
may experience during processing or application. Examples are cutting, polishing, wear, 
friction and erosion. In most cases of contact loading, the affected area is only the 
outermost surface layer with thickness ranging from nanometers to microns. It has also 
been recognized that with two extended surfaces placed together, the actual contact 
occurs only at tips of surface asperities [1]. Indentation (hardness) tests, or static loading 
of a single hard asperity against a (usually) softer material, represent the simplest model 
system for investigation of all contact loading-related phenomena. The newly emerged 
depth-sensing indentation, or nanoindentation, allows an investigation to monitor 
indenter displacement as a function of applied force, providing additional information on 
a variety of mechanical properties such as hardness and elastic properties and their 
variation continuously with penetration depth by analyzing force-displacement curves [2]. 
Due to an extremely small contact area between a sharp indenter tip and tested material, 
the highly localized contact stresses under indenter can exceed the pressure threshold of 
phase transformation and produce new phases on the material surface. However, the 
study of contact loading induced phase transformation is largely hindered due to absence 
of an effective investigation method in this field. 
Indirect monitoring of phase transformation during indentation through electrical 
conductivity measurement[3-5] or analysis of the load-displacement (L-D) curve (as “pop-
in” and “pop-out” events [6, 7]) was used in most previous indentation experiments. 
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However, conductivity measurement can be effective only for metallic-nonmetallic 
transitions. Discontinuities in the L-D curves can only suggest the occurrence of a phase 
transformation accompanied by a sufficiently large volume change. Cracking and plastic 
deformation around indentation may also lead to erroneous conclusion. Observations of 
phase transformation under indentation of materials using Raman microscopy have 
greatly catalyzed the study of phase transformation induced by contact loading [8, 9]. 
Raman spectroscopy studies of indentations have been conducted on a number of 
semiconductors and ceramics and new phases within and around indentations have been 
found for several materials [10, 11]. However, to understand mechanisms of phase 
transformation and to investigate microstructural changes under contact loading, a direct 
and comprehensive study calls for the application of transmission electron microscopy 
(TEM) in this field. Moreover, TEM investigations are also desired for sub-micrometer 
phase analysis, structural identification, and determination of the stability of indentation 
induced metastable phases. 
However, TEM examinations are severely held back by difficulties in handling 
small and stressed samples, and instability of metastable phases during polishing, 
dimpling, ion milling and under electron beam. Therefore, the present study is aimed to 
overcome the above challenges and develop a successful application of TEM on the 
studies of indentation induced phase transformations in materials. Silicon, not only the 
most studied material but also well known to experience complicated phase 
transformations under pressure [12], is chosen as the material for this study. 
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CHAPTER 2.  LITERAURE REVIEW 
Silicon is the material of our era. It is all around us in various electronic gadgets 
and computers. Silicon is also the most studied material by materials researchers around 
the world due to the profound impact of silicon technology on our modern society. In the 
last 30 years, a quarter of million papers have been written that mentioned silicon [13]. 
However, there are still many gaps in understanding phase transformation mechanisms 
and metastable phases formed during contact loading in silicon. In the following sections, 
previous studies of pressure induced phase transformations in silicon are reviewed.  
2.1 Hydrostatic Pressure Studies of Silicon 
The high-pressure behavior of silicon has attracted intense and continuing 
interests in last few decades. Various diffraction studies have been made at pressure in 
excess of 240 GPa and at least twelve different crystalline phases have been reported [12]. 
At atmospheric pressure, silicon has a cubic diamond structure (space group Fd3m) up to 
the melting temperature [14]. This structure is conventionally labeled Si-I or cd-Si and has 
an atom coordination of four. The cubic diamond structure (Si-I) transforms into a 
metallic body-centered tetragonal structure or β-tin structure (Si-II) under hydrostatic 
pressures of 11.2-12 GPa [15]. In terms of atomic bonding, this metallic β-tin structure (Si-
II) is an intermediate between four- and six-fold coordination. With a c/a ratio of 0.5164 
each atom would have six equidistant neighbors, but experimentally observed c/a = 0.549 
leads to significant departure from this ideal structure. At higher pressure a further 5 
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phases are known to exist, including simple hexagonal, hcp, and fcc [12]. However, these 
phases are only thermodynamically stable at very high pressure and are beyond the scope 
of this study. Our interests are phase transformations and metastable phases formed 
during depressurization from the β-tin structure. During pressure release, there is no 
evidence of transformation back to the cubic diamond structure. Instead, Si-II transforms 
into various metastable phases depending on the load release conditions. During slow 
unloading in a diamond anvil cell (DAC), the first phase to form is a rhombohedral 
structure, r8 (Si-XII), at 10-12 GPa [16]. On further pressure release, there is a reversible 
transition from Si-XII to the body-centered cubic structure, bc8 (Si-III), producing a 
mixture of Si-III and Si-XII at ambient pressure [16]. These two structures, bc8 (Si-III) and 
r8 (Si-XII), retain distorted covalent-style tetrahedral bonding and are more densely 
packed than the cubic diamond structure. 
In addition, Zhao et al. [17] reported the formation of a tetragonal phase (Si-IX) 
during rapid unloading of the samples compressed in DAC to 14-15 GPa, although this 
result has never been repeated by other groups. Another structure, which forms during 
heating of Si-III and is commonly regarded as an intermediate phase before the final 
recovery of Si-I, is the hexagonal diamond structure or Si-IV[18]. Si-IV can also be 
transformed directly from Si-I after plastic deformation at elevated temperatures (350 – 
700 °C) and confined pressure [19, 20]. Such direct phase transformation is closely related 
to deformation twinning and is described as a martensitic transformation taking place 
through a double-twinning mechanism [20-22]. The structural data for various silicon 
  
5
phases relevant to this study are summarized in Table 1 and 3-D simulated unit cells of 
some silicon polytypes are shown in Figure 1.  
 
Table 1. Structural data for some crystalline phases of silicon. (after Ref. [12]) 
 
Designation System 
(point group)
Space group Pressure 
region(GPa) 
Lattice 
parameter(Å) 
Si-I Cubic  
(m3m) 
Fd3m(227) 0-12.5 a=5.42 
Si-II Tetragonal 
(4/mmm) 
I41/amd(141) 8.8-16 a=4.69 
c=2.578 
Si-III Cubic 
(m3) 
Ia3 (206) 2.1-0 a=6.64 
Si-IV Hexagonal 
(6/mmm) 
P63mc(186) -- a=3.8 
c=6.629 
Si-XII Rhombohedral
(3 ) 
R3(148) 12-2.0 a=5.74 γ=110.0 
 
 
With the aid of X-ray diffraction and Raman spectroscopy, a typical phase 
transformation path of silicon under nearly hydrostatic pressure in DAC was observed [16, 
23-25]. At ambient pressure, silicon has a cubic diamond structure (Si-I). At the pressures 
of ~12 GPa, the metallic Si-II forms from Si-I. During subsequent unloading, the 
rhombohedral Si-XII appears at ~9 GPa. Upon further unloading to ambient pressure, Si-
XII partially transforms to Si-III [8, 26]. Finally, the sample after complete unloading is a 
mixture of Si-XII and Si-III phases. 
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(a)        (b)  
 
  
(c)       
 
(d)  
Figure 1. Simulated unit cells of various silicon structures: (a) cubic diamond Si-I; (b) 
hexagonal diamond Si-IV; (c) body-centered cubic Si-III and (d) rhombohedral Si-XII. 
 
 
 
The high-pressure phase transformations of silicon involve volume changes. 
Figure 2 compares the relative volumes of various Si phases within a range of pressure. 
For example, the Si-I → Si-II transformation is accompanied by a ~20% densification of 
the material [15, 27, 28]. The equilibrium Si-III structure was found to be ~9% denser than 
Si-I [29-31], and ~2% less dense than Si-XII [23, 32]. Thus, upon slow decompression, there 
is a ~9% volume expansion during the Si-II → Si-XII transition and an additional ~2% 
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volume recovery during the gradual Si-XII → Si-III transformation at low pressures. No 
pressure-volume data is available for the Si-IX phase which reportedly forms upon rapid 
decompression from Si-II [33]. However, the packing fraction for the st12 structure (0.385) 
was found to be only slightly higher than that for bc8 (0.372) [34], which suggests similar 
densities for both structures. Thus, an approximate 10% volume increase can be 
estimated during the formation of Si-IX. Finally, the hexagonal diamond Si-IV phase has 
an atomic volume identical to that of cubic diamond Si-I [29]. 
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Figure 2. Relative volume of the high-pressure Si phases as a function of pressure. 
Filled and open circles correspond to increasing and decreasing pressure, respectively. 
Experimental points are from Reference [33] (Si-I and Si-II) and Reference [23] (Si-III and 
Si-XII). 
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The relative stability of the silicon phases can be determined by a simple 
comparison of their Gibbs free energy in the high-pressure system: 
G U PV TS= + −        (1) 
where G is the Gibbs free energy, U is the total internal energy, P is pressure, T is 
absolute temperature, S is entropy, and V is volume. In an isolated system, a phase 
transformation can occur when the system has an accessible state of lower free energy. 
Therefore, as pressure increases, structures with lower specific volume become favored, 
even if they have higher internal energy. Equation (1) also explains why temperature is 
less effective in solid-state phase systems: temperature is associated with the entropy 
(configurational uncertainty in the atomic positions), the primary contribution to which is 
almost the same in all polytypes of silicon. The energetics of pressure response in silicon 
has been calculated by several groups using ab initio electronic band structure methods 
[23, 28, 34-36]. A typical energy diagram of various Si phases under hydrostatic pressure is 
shown in Figure 3. Thus, the minimum energy per atom at equilibrium state for different 
phases can be compared. For Si-III and Si-I, the relative total energy difference per atom 
is 0.1126 eV [23]. Meanwhile, the difference between a-Si and Si-I at ambient pressure has 
been experimentally measured to be 0.0977 eV [37].  
Despite a considerable understanding of pressure-induced behavior of crystalline 
silicon phases, the high-pressure properties of amorphous silicon are far less clear. With 
Raman spectroscopy measurements, it is reported that in porous silicon, there is a direct 
transition from cubic diamond structure to a high density amorphous (HDA) phase when 
the applied pressure is about 7~8 GPa [38]. Furthermore, this high-pressure induced HDA 
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structure transformed to a low-density amorphous (LDA) form upon decompression [38]. 
Such an amorphous-amorphous transition is related to a new concept of polyamorphism 
(the possibility of many distinct amorphous conformations for a given material) [39]. 
Using ab initio calculation, a pressure induced crystallization of the initially amorphous 
silicon at 2.5 GPa and a first order amorphous to amorphous phase transition at 9 GPa in 
silicon have been predicted by Durandurdu and Drabold [39]. Moreover, it is also 
theoretically established that a pressure-induced high density amorphization takes place 
in cubic diamond silicon around 15 GPa [39].  
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Figure 3. Energy of silicon in the relaxed r8, bc8, st12, cubic diamond, and β-tin 
phases as a function of reduced volume. The dashed common tangent line shows that the 
stable phases are Si-I and Si-II; Si-XII, Si-III, and Si-IX have a slightly higher enthalpy 
and are thus metastable. [23] 
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2.2 Experimental Observations of Silicon Indentation 
In general, the material deformation under indentation might involve such 
competing mechanisms as brittle macro- and microfracture, plasticity-dislocation and 
defect formation, and structural transformations in the material underneath the indenter 
(Figure 4). Although the first two mechanisms have been extensively studied and well 
understood in materials, the influence of a phase transformation’s response to contact 
loading is largely underestimated due to the difficulties with structural characterization of 
the thin surface layer affected by contact interactions. Here, we are primarily 
concentrated on the deformation of silicon as a result of contact pressure induced solid-
state phase transformation. 
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Figure 4. Schematic of irreversible deformation in Si during indentation: (a) 
dislocation-induced plastic flow, (b) brittle fracture, and (c) ductility induced by a high 
pressure phase transition into metallic state. 
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2.2.1 Phase Transformation in Silicon Indentation 
The possibility of an indentation-induced phase transition in Si was first 
suggested by Gridneva et al. [3], and later by Gerk and Tabor [40], who noted the similarity 
of the room-temperature Si hardness and the pressure of Si-I → Si-II transformation 
known from the high-pressure cell experiments [27, 41]. They suggested that a pressure-
induced metallization occurs in semiconductors with cubic diamond structure during 
indentation tests, and that the phase transformation pressure determines the indentation 
hardness at room temperature. Electrical conductivity measurements performed by 
Gridneva et al. on Si wafers subjected to Vickers indentation showed a decrease in 
electrical resistance of the material beneath the indenter. The authors assumed the 
formation of a thin metallic layer between the indenter and the specimen, and calculated 
the thickness of this layer (~ 0.05 µm) to be independent of the applied load [3]. 
These results were further confirmed by other groups. Gupta and Ruoff [42] 
reported an abrupt drop in the resistance of Si during slow indentation with diamond 
spheres. The corresponding pressure threshold was dependent upon the crystallographic 
orientation of the sample and varied from 8 GPa for loading in the [111] direction to 12 
GPa for the [100] direction. Both the pressures and the resistance changes implied that 
the Si-I → Si-II transformation occurs during indentation of Si similar to the high-
pressure cell experiments [27, 41]. The variation in the transformation pressure in 
indentation testing might be attributed to the higher degree of deviatoric loading when 
uniaxial pressure is applied along the [111] direction, which facilitates the transformation 
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in accordance with Gilman’s predictions [43]. In addition, in situ conductivity 
measurements by Clarke et al. [4] (Vickers and Knoop indentations; (100), (110), and 
(111) orientations) and Pharr et al. [5] (Berkovich indentation; (110) orientation), showed 
that for sharp tips, the transformation to the electrically conducting form of silicon occurs 
instantaneously as the load is applied. This might be due to the much smaller contact 
areas as compared to indentation with spherical tips, resulting in pressures that are 
sufficiently high to start a transformation instantaneously as the tip contacts the specimen 
surface. On nanoindentation loading, a discontinuity in the measured depth is commonly 
referred to as a pop-in event with a similar discontinuity on unloading called a pop-out 
event. The pop-in event usually represents the sudden yielding of a material under load 
while the pop-out event commonly results from a sudden uplifting of indenter driven by 
an instant volume expansion of indented materials. Finally, the recent in situ electrical 
conductivity characterization of silicon spherical nanoindentation by Bradby et al[44] 
showed that the onset of transformation to Si-II occurs before the so-called “pop-in” 
event during loading. The “pop-in” event  On unloading, as the indenter was withdrawn, 
the conductivity was observed to fall sharply and dropped back to the preindentation 
level well before the “pop-out” event which was interpreted commonly as the result of a 
large volume change during the transformation from Si-II to less dense metastable phases 
like Si-XII and Si-III. The authors speculated that at the start of unloading, a thin layer of 
Si-II transformed to a less conductive amorphous structure and acted as an insulating 
band beneath the indenter. 
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Figure 5. Scanning electron microscopy (SEM) image of a 1-N Vickers indentation in 
(111) silicon revealing plastically extruded material. [8] 
 
 
 
Another characteristic deformation feature that suggests pressure-induced 
metallization of silicon during indentation is the plastic extrusion often observed by 
electron microscopy [8, 45]. Figure 5 shows the scanning electron microscope (SEM) 
image of a Vickers indentation in (111) Si made at room temperature under a 1 N loading. 
The micrograph clearly reveals a thin layer adjacent to the imprint faces, plastically 
extruded during the indentation process. Such extrusions are possible only if a thin layer 
of highly plastic material is sandwiched between the diamond tip and the relatively hard 
surrounding cd Si, which suggests a very high ductility of the extruded material and 
provides additional evidence for the indentation-induced transformation to the metallic 
state. 
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Although the conductivity data and plastic extrusions around the residual imprints 
are indicative of the semiconductor-to-metal transition during indentation, they do not 
necessarily prove the formation of Si-II during indentation. In particular, indentation-
induced amorphization of silicon should also be considered because amorphous silicon 
was shown to be metallic at high pressures [46]. Unfortunately, due to obvious 
complications with the experimental setup, no in situ indentation diffraction data are 
available as of today. With aid of molecular dynamics analysis, the phase transformation 
from Si-I to Si-II was simulated by Cheong and Zhang [47]. Monitoring the positions of 
atoms, the cubic diamond structure is transformed to the body-centered tetragonal 
structure (Si-II) by flattening the tetrahedron structure in Si-I. The simulation results 
revealed that, at the maximum load, some atoms beneath the indenter tip appear to have a 
coordination number of 6. The investigation of the bond length between atoms showed 
that these 6-cordinated atoms formed the β-tin structure. After a very fast unloading, an 
amorphous structure was obtained metastably within the residual imprint. However, the 
authors seem reluctant to clarify their simulation results, in which only a small number of 
the affected atoms beneath the indenter tip maintained a crystalline order while the others 
were arranged without any long-distance order at the maximum loading. 
Additional information on the phase transformations in Si during nanoindentation 
can be obtained from the experimentally measured applied load vs. indenter displacement 
curves. Following the pioneering work of Pethica et al. [48], several groups extensively 
applied the nanoindentation technique to the analysis of silicon behavior under static 
contact loading. Pharr [49] first reported a sharp discontinuity (“pop-out”) in the unloading 
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curve of silicon nanoindentations and established a load threshold of 5-20 mN below 
which the pop-out was no longer observed in indentation experiments with a Berkovich 
tip. At peak loads below the threshold value, an “elbow” (gradual change in slope) 
appeared in the unloading curve and subsequent reloading revealed the broad hysteresis 
loops, suggesting the irreversible Si-I → Si-II transition. On the other hand, Weppelmann 
et al. [6, 7] and Williams et al. [50] observed discontinuities in the loading curves in 
addition to the pop-outs during unloading in their studies of Si nanoindentations made 
with spherical-tipped indenters. No evidence of cracking was found based on the surface 
interferometry results and on the analysis of the material’s elastic compliance during 
loading and unloading [6]. Using Hertzian contact mechanics and accounting for the 
material’s elastoplastic behavior during indentation with spherical tips, Weppelmann et al. 
[6] calculated the pressures at which the discontinuities occurred in the load-displacement 
curves of silicon as 11.8 GPa on loading and 7.5-9.1 GPa on unloading. These values are 
very close to the Si-I → Si-II [15] and Si-II → Si-XII [23] transformation pressures, 
respectively, obtained under quasihydrostatic conditions in high-pressure cells. Such 
similarities in the pressure values imply that the discontinuities in the loading and 
unloading curves are indeed related to the high-pressure phase transitions and not to the 
dislocation nucleation (on loading) or the crack formation or instant exopansion of 
amorphous material (on unloading) as suggested elsewhere [49, 51]. As no specific features 
were observed in the loading curve when the Berkovich indenter was used, the 
transformation apparently started immediately after the sharp tip had contacted the 
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material’s surface and occurred continuously throughout the entire loading segment, in 
agreement with the conductivity results already discussed here [5, 49]. 
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Figure 6. Raman spectra taken from Rockwell indentations in silicon. (a) Pristine 
material outside the contact area. (b) - (d) Various points within the indentation area, 
slow unloading. (e) Indentation area, fast unloading. Data from Reference [8]. 
 
 
 
A large number of papers provided indirect evidence of the Si-I → Si-II 
transformation during indentation based on post-indentation characterization techniques, 
primarily Raman spectroscopy and TEM. When applied to the study of phase 
transformations during indentation, Raman spectroscopy analyses have indeed revealed 
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amorphous silicon within the indentation area [8, 52]; however, it also indicated that the 
formation of a-Si clearly depends on the experimental conditions [8]. Figure 6 shows the 
Raman spectra obtained from various points around Rockwell indentations in silicon. The 
original Si-I phase is observed outside the contact area, which is confirmed by a single 
Raman line at 520 cm-1 (Figure 6(a)). In contrast, the Raman spectra taken from the 
indentation area look completely different. The spectrum in Figure 6(b), assigned to Si-
IV by the authors [8], is in fact more characteristic of the nanocrystalline cubic diamond 
silicon, perhaps a mixture of nano-sized Si-I crystals and Si-IV [53, 54]. Figure 6(c,d) 
suggests the presence of Si-III and Si-XII within indentations. Based on the intensity ratio 
considerations, the authors proposed that the Raman spectrum in Figure 6(c) originates 
from Si-XII phase which then transforms into Si-III (Figure 6(d)) under the laser beam. 
Although the characteristic lines of Si-XII (at 182, 375, and 445 cm-1) are not 
pronounced in the spectrum of Figure 6(c), the general tendency of increasing the 
I430/I350 ratio with the increase in Si-III content support this assumption. 
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Figure 7. (a) Typical nanoindentation load-displacement curves, (b) average contact 
pressure vs. contact depth curves, and (c) the corresponding Raman spectra of the 
nanoindentations on silicon. A correlation between a pop-out event and the formation of 
Si-XII and Si-III phases, as well as between an elbow in the unloading curve and the 
formation of a-Si, is evident. The experimental conditions: the maximum loads of 50 mN 
and the loading/unloading rates of 3 mN/sec. [55] 
 
 
To establish the relation of phase transformations to the pop-out and elbow events 
in the Si unloading curves, Raman microspectroscopy analysis was performed on a large 
set of Berkovich nanoindentations made in (111) and (100) silicon at the peak loads of 
30-50 mN and at the loading/unloading rates of 1-3 mN/s [55]. Such experimental 
parameters were chosen because under these conditions, chances for observing either a 
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pop-out or an elbow in the nanoindentation unloading curve were almost the same. In 
most cases, the Raman spectra of indentations with a pop-out in the unloading curve 
showed the presence of Si-III and Si-XII phases only, while the spectra of indentations 
with an elbow in the unloading curve revealed only amorphous silicon (Figure 7) [55]. A 
few indentations that showed a mixed response in the unloading curve (an elbow 
followed by a pop-out), produced Raman spectra characteristic of both a-Si and the 
metastable Si-III and Si-XII phases (Figure 7). This observation was not dependant on the 
crystallographic orientation or the surface finish of the samples (for the (111) polished or 
(100) etched wafers used). The latter fact suggests that in the nanoindentation 
experiments, the deformation behavior of silicon on pressure release is affected mostly by 
its transformation (metallization) during the loading cycle, and to a lesser extent by the 
state of the wafer surface prior to indentation. It was therefore suggested that the pop-out 
during unloading is a consequence of a Si-II → Si-XII transformation, accompanied by a 
sudden volume release leading to the uplift of material surrounding the indenter, whereas 
an elbow appears in the unloading curve as a result of the material expansion during slow 
amorphization of the metallic Si-II phase [55]. 
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2.2.2 TEM Studies of Silicon Indentation 
In one of the first TEM studies of silicon indentations, Hill and Rowcliffe [56] 
reported mostly plastic deformation in indentations. Some dislocation loops and slip 
bands were observed around microhardness indentations on silicon produced at room 
temperature. Some shear dislocation loops laid on the {111} planes with Burgers vectors 
in the <011> direction were seen. These dislocations did not rearrange themselves upon 
annealing up to 550 ºC. Above this temperature, the original dislocation loops did not 
appear to be mobile. Rather, some new screw-edge loops formed. The newly formed 
loops were more mobile and could move at larger distances. The possibility of pressure-
induced phase transformation was not considered in this work [56]. In a later TEM study 
of Vickers and Knoop microindentations in Si, Clarke et al. noted that regardless of 
different orientations, variation of maximum load and two different tip shapes adopted in 
the indentation tests, there was little difference in TEM observations in which a 
characteristic halo ring pattern of amorphous silicon was always formed at the center of 
hardness imprints [4]. The authors suggested two possible ways in which the amorphous 
silicon might have formed. One is a structural frustration kinetic argument. In the case of 
a relatively rapid unloading rate and non-hydrostatic constraint of shear stress, the high 
pressure tetragonal phase (Si-II) does not have enough time to transform back to cubic 
diamond Si-I, and instead appears in an amorphous silicon form. The other argument 
focuses on direct pressure induced equilibrium amorphization during loading. The 
argument suggests that during indentation the local pressure exceeds the metastable 
extension of the liquids curve on the P-T diagram and, therefore, Si-I can transform 
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directly to an amorphous structure form which can persist during unloading due to 
insufficient activation energy for recovering back to diamond cubic structure. We note 
here that the shear stress component within the indented area is reportedly capable of 
facilitating amorphization by producing a high degree of local shear strain [43, 57].  
TEM observations of Callahan and Morris revealed plastic extrusions in 
Berkovich indentations made in (100) Si at loads of ~10 mN [58]. Although isolated 
diffraction patterns were not obtained from the extruded material due to the presence of 
underlying crystal, the amorphous nature of this material was inferred from the absence 
of any crystalline diffraction and tilting experiments. Furthermore, at these experimental 
conditions (below the cracking threshold), no evidence of dislocation activity or other 
mechanisms of plastic deformation operating outside the clearly demarcated 
transformation zone was found. The imprint consisted of an amorphous core with an 
adjacent region of plastically extruded material and a layer of polycrystalline silicon at 
the near-surface transformation interface. As for the origin of the polycrystalline layer, 
the authors [58] suggested a possible shear fragmentation or interface recrystallization. 
Extensive TEM studies by Page et al. [59] concluded from all previous low-
temperature electron microscopy results to the consistent view that: (i) silicon becomes 
amorphous in response to high contact stresses under a hardness indenter; and (ii) limited 
dislocation arrays are generated around deformed volume at contact loads exceeding 
some threshold value. The authors also argued that dislocation arrays might occur to 
accommodate displacements from the densification transformation Si-I → Si-II, rather 
than as a primary response to indenter intrusion. 
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However, all of these works neglected the possibility of Si amorphization during 
sample preparation. In particular, recent re-examination of conventional TEM sample 
preparation methods by Ge et al. clearly shows that the crystalline metastable silicon 
phases existing in the residual imprint may collapse into an amorphous form during 
continuous ion milling [60]. It is now clear that the load-displacement curves of depth-
sensing nanoindentation and Raman spectra can suggest phase composition after 
indentation and give supplementary information on stress and phase distribution within 
residual impressions. Taking advantage of these data, the results of previous TEM studies 
were recently re-examined and new TEM work has been done on silicon indentations in 
parallel with our work [60-68]. From the previous results which were mostly obtained in the 
process of our studies, it has been found that the phase transformations during 
nanoindentation are dependant on the maximum load and unloading rate, tip geometry, 
temperature and other factors. The following are some related TEM studies of these 
factors. 
The effect of loading condition on nanoindentation has always been one of the 
major subjects of investigation in this area. To clarify this issue, Zarudi and Zhang [61, 69] 
performed cross-sectional TEM studies of spherical nanoindentations with different loads 
ranging from 30 to 100 mN. Figure 8 is the cross-sectional view of spherical 
nanoindentations made at the loads of 30, 70 and 90mN, respectively [69].  
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(a) 
(b) 
(c) 
 
Figure 8. The cross-sectional view of indentation-induced deformation in the 
subsurfaces of silicon specimens after complete unloading. The indentation load is (a) 30 
mN, (b) 70 mN, and (c) 90 mN, respectively. [69] 
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It is always found that some planar defects, such as stacking faults, on the {111} 
planes and developed from the bottom of the transformation zone into untransformed 
silicon. The penetration depth of these defects increased with indentation load. Selected 
Area Diffraction (SAD) and dark field imaging were used to profile the transformation 
zone and the distribution of crystalline phases. The major discovery was that the structure 
within the residual transformed zone was dependent on indentation load [61]. Only an 
amorphous structure (a-Si) was observed within the transformed zone with indentation 
load of 30 mN (Figure 8(a)) and 40 mN. When the indentation load was increased to 
50mN, the transformed zone remained in an amorphous state except for the appearance of 
some crystalline spots in the center bottom parts of the transformed area. The crystalline 
phase had an average grain size of 10-15 nm and occupied only 5% of the entire 
transformed zone. The structure of these grains was not resolved because of their 
extremely small size. Additionally, some residual Si-I pockets were still found in the 
near-surface layer due to incomplete phase transformation during indentation. With 
further application of load, the crystalline phases embedded in the amorphous zone grew 
quickly. At the load of 70 mN, the crystalline phase occupied 40% of the area of the 
transformed zone and its average grain size was increased to 30-40 nm (Figure 8(b)). The 
phase was finally identified as the bcc structure (Si-III) by SAD. Also, the cubic diamond 
phase could no longer be detected in the transformed area at this load. After the load of 
90 mN, the bcc structure grew significantly and even occupied the entire transformation 
zone (Figure 8(c)), leaving small amorphous region at the surface of residual imprints. 
When the load was increased to 100 mN, in addition to the bcc structure (Si-III), which 
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already had grain size over 100 nm and covered the whole transformation area, the high 
pressure tetragonal structure (probably Si-II) was also detected in small amounts, 
according to the authors [61]. However, the presence of this high pressure phase in the 
residual indentation is doubtful because Si-II is only stable at very high pressures (8.8 – 
16GPa). In addition, the effect of the unloading rate was not taken into account by the 
authors [61]. It has been shown that the unloading rate is crucial for the path of phase 
transformations during unloading and therefore this effect should not be excluded from 
the analysis [8, 63, 64, 70]. 
Bradby et al. [63, 64, 71] investigated the mechanical deformation of silicon induced 
by spherical indentation at two different maximum loads: 20 mN and 80 mN. Significant 
mechanical deformation has already been revealed in the 20-mN indentation although the 
corresponding load-penetration curve showed almost elastic behavior. In the cross-
sectional TEM observations, slip bands were also found in {111} planes, originating 
from the region approximately 0.8 µm from the surface and penetrating a further 0.6 µm 
into the deeper bulk crystal (region 3 in Figure 9(a)). At the load of 20mN, phase 
transformation was localized in a very small volume at the surface (region 1 in Figure 
9(a)). Only a few particles of the crystalline metastable phase Si-XII were detected at the 
very surface of the indentation by SAD shown in Figure 9(b). The 80-mN indent shown 
in Figure 10(a) also generated slip bands at similar depth as that of 20-mN indent (0.8 µm 
from the surface). However, the slip bands had a further extension of only 0.2 µm, which 
was believed to be terminated by the catastrophic pop-in during the phase transformation 
(Si-I → Si-II). The authors suggested that phase transformation rather than dislocation 
  
27
slip occurred during loading, and this transformation was responsible for the majority of 
the observed plastic deformation [63]. This also agrees with the MD simulation results of 
Cheong and Zhang [47]. At the load of 80 mN, the surface layer of indentation was 
identified as an amorphous structure, which was related to the sudden, final unloading to 
ambient pressure [63]. In a deeper region between the slip bands (region 3 in Figure 10(a)), 
crystalline Si-I phase was found. A reasonable explanation for such phase distribution is 
that the surface layer is less constrained than the deeper region and has no time to 
rearrange into another crystalline phase from the high pressure phase Si-II during 
pressure release.  
 
 
 
(a) 
 
Figure 9. (a) Dark field XTEM image of a spherical Si indentation with maximum load 
of 20 mN showing a polycrystalline layer of Si-XII (region 1). Region 2 is an amorphous 
layer formed during sample preparation. Region 3 is associated with dislocation activity. 
(b) Selected area diffraction (SAD) pattern of the polycrystalline region. Boxed 
diffraction spots are from (220) Si-I. All unboxed spots are from polycrystalline Si-XII. 
The dark field image in (a) was taken using the arrowed Si-XII spot. [63] 
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Figure 10. (a) Bright field (BF) XTEM image of a spherical indentation in silicon with a 
maximum load of 80 mN. (b) Diffraction pattern (DP) of amorphous silicon taken from 
region 1. (c) DP of crystalline Si-I from region 2. Region 3 is associated with the slip 
bands. [63] 
 
 
 
The plan-view TEM investigation by Mann et al [62] also confirmed that the phase 
transformation during point loading was strongly dependent on the size of deformed 
volume (or the maximum load). For a small contact (Figure 11(a)), the resultant phase 
was identified as the bc8 Si-III. In contrast, for a larger contact, it was only of amorphous 
form in the center of the indenter besides the presence of a small amount of bc8 in the 
extruded material, as shown in the corresponding electron DP (the upper right inset of 
Figure 11(b)). Therefore, the authors claimed that the magnitude of the applied stress and 
the interface to volume ratio of the crystalline bc8 phase determined its stability. In 
addition, the authors also suggested that the amorphous structure was not directly 
transformed from β-tin Si-II; instead the crystalline phase bc8 was formed as an 
intermediate phase. However, these plan-view results are in contradiction with the 
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aforementioned cross-sectional TEM results [61] and Raman spectroscopy analysis [55]. 
Instead of the maximum load (or the size of deformed volume), the unloading rate has 
been believed to be the key factor controlling the resultant metastable phases within 
residual indents.  
 
 
 
 
bc8
a-Si
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Figure 11. Dark Field (DF) TEM images of the Berkovich indentation, showing clear 
difference in phases which are present between the residual imprints of (a) a small 
contact and (b) a larger contact. The SAD patterns showed that the small indent mainly 
consisted of Si-III while only amorphous phase was present in the center of the larger 
indent. The DF images were taken using the boxed bc8 reflections indicated in the DPs.[62] 
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The geometry of the indenter tip is another important factor in nanoindentation. 
Saka et al [72] studied this factor in detail by comparing three different tip shapes: 
spherical, Vickers, and Berkovich. For the spherical tip, neither phase transformation nor 
cracking occurred at the load of 60 mN, while the bcc structure (Si-III) was only formed 
after the load was increased to 100 mN, with its periphery corresponding well to the 
contours of hydrostatic pressure. Therefore, the formation of the bcc phase by hydrostatic 
pressure was proposed. No amorphous phase was detected in spherical nanoindentations 
at any loads up to 120mN. In contrast, for the sharp tips, both Vickers and Berkovich, a 
mixture of bcc structure and amorphous phase was observed within nanoindentations 
made at a load of 50 mN. More comprehensive data are listed in Table 2.  
 
 
Table 2. Summary of the TEM observations of nanoindentation in silicon produced by 
diamond indenters with different tip geometries. [72]. 
 
Type of 
indent 
Maximum 
load (mN) 
 
Observed Structures 
Pop-in load 
(mN) 
Pop-out load 
(mN) 
20 Si-I  No No 
45 Si-I  40 No 
60 Si-I  40 25 
100 Si-III (bcc) 40 30 
Spherical 
120 Si-III (bcc) 40 45 
10 Not examined No No 
50 Si-III (bcc) + a-Si No 16 
100 a-Si No 50 
250 a-Si No 100 
Vickers 
500 a-Si No 280 
10 Not examined No No 
50 Si-III (bcc) + a-Si No 15 
Berkovich 
100 Si-III (bcc) + a-Si No 40 
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These results indicate that the presence of shear stress in sharp indentation not 
only lowers the pressure threshold for phase transformation, but also facilitates 
amorphization. Moreover, the transformed zone of Vickers indentation was found to be 
completely amorphized at the loads higher than 100 mN [72]. TEM observation of a 500-
mN Vickers nanoindentation showed that the amorphous phase was separated into two 
parts with the cubic diamond phase between them, as shown in Figure 12 [73]. The area 
located just underneath the center of the residual imprint (region 1 in Figure 12) was 
found to be amorphous and was similar in shape to the observations by Bradby et al. in 
spherical indentations [63, 64, 71]. However, Tachi et al. [73] also observed several layers of 
an amorphous phase, such as regions 2, 3, 4, and 6 in Figure 12, which were parallel to 
the slip planes with multiple dislocations activated between the cubic diamond structure 
layers. In the deeper region, additional thinner layers (regions 5, 7, and 8 in Figure 12) 
are composed by slip bands in Si-I. All amorphous layers and slip bands within cubic 
diamond phase are inclined at an angle of 40-50 degrees to the surface, paralleling with 
the preferred {111} slip plane of cubic diamond structure. This strongly supported a 
hypothesis that the amorphization in nanoindentation might be initiated as a result of 
dislocation slip bands. However, the exact mechanisms behind this are still not clear. Wu 
et al. [74-76]investigated the mechanism of amorphization in nanoindentation by using high 
resolution TEM imaging. At the unsmooth interface between the cubic diamond structure 
and amorphous phase, the ordered crystalline lattice was broken into nano-sized grains 
with different orientations, in which the lattice fringes were noticeably distorted. Due to 
the heterogeneous distribution of stress within nanoindentation, several deformation 
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bands were found at the Si-I/a-Si interface. The deformation band between the perfectly 
ordered lattice to the amorphous zone was found to be at an intermediate stage in which 
the perfect lattice was first broken into many grains and then continuously refined and 
rotated, resulting in a locally disordered region. The authors proposed a possible 
mechanism of defect-induced or heavy deformation- induced amorphization of silicon 
under indentation.  
 
 
 
Figure 12. Bright field TEM image showing the structure beneath a 500-mN Vickers 
indentation in (001) silicon. Regions 1,2,3,4 and 5 are amorphous. Regions 5, 7 and 8 
correspond to the Si-I structure. [73] 
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2.2.3 Effect of Temperature on Silicon Indentation 
The indentation hardness of silicon has been reported to be temperature sensitive 
(Figure 13) [10, 11]. This indicates that the indentation temperature may also affect the 
pressure induced phase transformations in silicon. The Raman microanalysis of the 
Vickers indentations produced on the (111) silicon wafer pointed out a temperature 
threshold for phase transformation around 390°C [77]. When indentation was made below 
this temperature, metastable phases and a-Si were observed. The Raman spectra of 
indents made at 390 ºC showed already almost purely cubic diamond Si-I, without any 
evidence of phase transformation. Also, Raman spectra did not change in indentations 
made in the range of 400 to 1000 ºC, showing only a Si-I phase. SEM observations of 
these Vickers indents revealed the appearance of some characteristic fringes around an 
imprint made beyond 390 ºC, which were indicative of dislocation activity 
accommodating plastic deformation. 
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Figure 13. Hardness vs. temperature dependence of silicon measured using a Vickers 
diamond pyramid under loads of 1 N (circles) and 2 N (stars). Solid lines denote (1) the 
calculated hardness due to dislocation glide [78], and (2) the cd → β-tin transformation 
pressure for Si [79]. Arrows mark the temperature intervals in which various silicon phases 
were observed by Raman spectroscopy, and dislocation slip bands that were observed by 
optical microscopy. The existence of the a-Si, Si-III, Si-XII, and Si-XIII phases in 
hardness imprints is the evidence of indentation-induced metallization of silicon at these 
temperatures. [10, 11] 
 
 
TEM investigation of indentations produced at different elevated temperatures 
performed by Suzuki and Ohmura [80] delivered consistent results. The obtained TEM 
images and correspondent SAD patterns showed that the indents formed at room 
temperature (20 ºC) had been transformed almost completely into an amorphous structure, 
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the indents formed at 300 ºC consisted of both amorphous material and Si-I, and the 
indents formed at 750 ºC only contained some crystalline structures but no amorphous 
phase. The authors’ conclusion was that at low temperature, some dislocations are 
nucleated beneath the indenter, but they still cannot glide a long distance due to their 
limited mobility. Thus, the dislocations are piled up and lead to the formation of a ductile, 
high pressure phase which relaxes the stress field and produces a large plastic 
deformation. Under pressure release, some new dislocations nucleate and interact with 
the dislocations that formed previously during loading. The interaction results in a 
catastrophic collapse into a disorder state and an amorphous structure forms. In contrast, 
at high temperature the dislocations can obtain high mobility leading to the facilitate 
climb motion, which would induce some local rearrangements or recrystallization during 
unloading. Thus, at high temperature, it is dislocation glide rather than phase 
transformation that is responsible for plastic deformation.  
Recently, the indentation temperature effect on phase transformation was 
investigated by the comparison between two sets of indents made at room temperature 
and 77K [81]. Raman spectroscopy analysis found only an amorphous structure beside the 
pristine Si-I in the Vickers indent made at 77K and the existence of metastable phases 
(Si-III) in the room temperature residual imprint. The authors therefore concluded that 
the phase transformation of silicon was suppressed at low temperature. However, 
different loading and unloading conditions applied on the two sets of indentations 
weakened the conclusion. 
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Based on the analysis of literature, the following objectives have been proposed. 
z Develop an effective TEM investigation method to study contact loading induced 
structural changes in silicon; 
z Study indentation induced phase transformations in silicon by utilization of TEM, 
combined with Raman spectroscopy and nanoindentation; 
z Investigate the properties, especially thermal stabilities, of metastable phases of 
silicon and the phase transition sequence of silicon metastable phases. 
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CHAPTER 3.  EXPERIMENTAL TECHNIQUES 
3.1 Diamond Anvil Cell 
Two opposed high-quality diamonds pressing against a sample constrained by a 
metallic gasket, constitute the core of diamond anvil high pressure cell. A schematic 
drawing of a DAC is shown in Figure 14. Notwithstanding its relatively small size, DAC 
can generate pressures in excess of 200 GPa. Diamond is used because it is the hardest 
material known, which is also transparent to photons over a wide energy range (infrared, 
visible, near-ultraviolet and x-rays). The purpose of the gasket is to provide a chamber in 
which liquids and suspensions can be contained. The gasket also gives a support to the 
diamond anvils. Thus, the samples in the pressure chamber experience a nearly 
hydrostatic pressure.  
In our study, a diamond anvil cell (DIACELL B-05, UK) was used. The diamond 
anvils were specially selected to exhibit low fluorescence background under pressure for 
our Raman spectroscopy studies. With 400 µm diameter of the diamond culets, this cell 
can compress material up to 40 GPa. However, since the primary purpose of this research 
is to simulate phase transformation in silicon induced by contact loading, pressure in this 
cell never exceeded 15 GPa. Furthermore, no pressure-transmitting medium was used in 
our experiments, which made the loading conditions in the cell closely resembling 
indentation with a flat diamond punch. The DAC was placed under an optical microscope 
attached to a Raman spectrometer for in situ analysis at different pressures. Several ruby 
chips were placed in the pressure chamber together with silicon powder as internal 
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pressure indicators. By monitoring the position of a ruby R1 fluorescence line at ~700 nm, 
the sample pressure can be obtained.  
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Figure 14. Schematic drawing of the cross section of a piston-cylinder diamond anvil 
cell (DAC). In situ sample characterization is possible through the special holes in the 
piston and cylinder provided diamond anvils are transparent to incident radiation. 
 
 
 
After complete decompression, the densified pellets of silicon powder were 
removed from the DAC and underwent Raman analysis to verify the presence of 
metastable phases. Some samples were carefully extracted from gaskets and then treated 
at elevated temperatures. Thereafter, Raman spectroscopy and Micro X-ray diffraction 
analysis were carried out on these pellets to investigate phase transformations during 
annealing. 
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3.2 Depth-sensing Indentation 
Depth-sensing indentation, or nanoindentation for short, is a relatively new 
technique that allows in situ monitoring of indenter displacement as a function of applied 
force.  Nanoindentation has proven to be a powerful technique in providing information 
on mechanical properties (hardness or elastic modulus) of the investigated materials, and 
variation of these properties with penetration depth, based on analysis of respective load-
displacement curves [2, 82-84]. While diamond anvil experiments are capable of studying 
the mechanical deformation and phase transformation in bulk materials under hydrostatic 
pressure, the material behavior under nanoindentation is of more relevance to realistic 
contact or impact loading conditions. Moreover, the shape of nanoindentation load-
displacement curves can often suggest structural changes that occur within the indented 
material during the test. For example, the observed “pop-out” in unloading curves of 
silicon nanoindentation has been associated with the phase transformation from Si-II to 
Si-XII/Si-III due to the accompanied drastic volume change [44, 55, 62].  
For this research, nanoindentation experiments were performed using a Nano 
Indenter® XP tester (MTS Systems Corporation). As shown in Figure 15, the system 
comprises the load application assembly, displacement sensor, and analysis tools. The 
coil/magnet assembly is used for load controlling, capacitance gauge for displacement 
measurement. The loading column is constructed of stainless steel and INVAR. The 
system is equipped with a motorized sample manipulation table with joystick control, 
optical imaging system, high-resolution video camera, data acquisition and control unit, 
vibration isolation table, and environmental isolation enclosure. The indentation head 
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assembly has the displacement resolution of 0.02 nm, and the maximum indentation 
depth is 500 µm. Loading can be done up to maximum load of 700 mN, with a resolution 
of 50 nN, and the loading/unloading rates span the range of 1µN/sec to 7 × 1010 µN/sec. 
Since the main objective of this study is to investigate the indentation induced metastable 
phases of silicon, a slow unloading rate (~0.278 mN/second) was chosen for most 
indentations to favor the formation of crystalline phases. A standard three-sided 
Berkovich pyramidal indenter was used for this study. The total included angle of the 
indenter was close to 142.3°, with the tip radii around 70 nm.  
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Figure 15. Schematic diagram of the nanoindentation experimental setup. 
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3.3 Micro X-ray Diffraction 
After compression in the DAC, silicon powder samples were condensed into 
small pellets of ~ 300 µm in diameter and less than 100 µm in thickness. Due to the 
extremely small size of the compressed pellets (normally 100~300 µm), wide angle X-ray 
diffraction (WXRD) experiments was carried out with a micro-sized X-ray source. A 
transmission XRD method is shown in Figure 16. Since crystals are randomly oriented in 
pellets, the diffracted beams are seen to lie on the surface of several cones and a ring 
pattern is obtained by the imaging system. By X-ray crystallography, the long-range 
time-averaged structural ordering of the DAC treated samples can be determined.  
 
 
 
 
Imaging system  
X-ray Source  
Powder 
Sample  
 
Figure 16. Transmission Laue method of X – ray diffraction on a powder sample. 
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Micro XRD spectra were acquired on a Rigaku microdiffractometer with 18 kW 
rotating x-ray generator (Cu-Kα radiation with a wavelength of 0.154 nm) at University of 
Akron. The beam size was controlled by a slit system with a divergence slit of 0.5°, a 
receiving slit of 0.15 mm, and a scattering slit of 0.5°. DPs were recorded using an 
automated x-ray imaging system providing 3000 × 3000 pixels resolution. An X-ray 
beam was focused to a probe approximately 300 µm in diameter. A 30-min exposure was 
required for a high quality WAXD pattern. Specimens were placed on double-sided tape 
and the background scattering was subtracted by recording the scattering from pure tape. 
A beam stopper was placed in the front side of samples to block the intense central beam.  
3.4 Raman Microspectroscopy 
Raman microspectroscopy has demonstrated its unique capability of identifying 
metastable phases of semiconductors and determining the residual stress on the surface 
subjected to contact loading. [9]. Raman spectroscopy is particularly useful for studies of 
phase transformation in silicon for several reasons. First, because Raman detects 
fundamental vibrations in materials, Raman bands normally have a good signal-to-noise 
ratio. This allows a Raman spectrum to be used for “fingerprinting” of different structures. 
Second, Raman analysis requires no special preparation of the targeted sample and is a 
non-destructive test. Third, a few seconds is efficient for acquiring a good-quality Raman 
spectrum on silicon. Thus, Raman Spectroscopy can be used to monitor phase 
transformation in real time. Moreover, due to the transparency of diamond anvils to laser 
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beam, Raman spectroscopy can also be used for in situ investigation of high pressure 
phase transformations in DAC. Figure 17 shows the schematic diagram of the device. 
Typically, a Raman spectrometer consists of (i) a monochromatic light source for sample 
illumination, (ii) collection optics for redirection of the scattered light into (iii) the 
wavelength analyzer and (iv) the detector. The integration of a microscope makes a 
Raman spectrometer capable of performing analysis on very small regions of a sample, 
i.e. nanoindentation. Figure 18 is a good example showing the pressure induced phase 
transformation in silicon indentation has been identified by the use of Raman 
spectroscopy analysis. 
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Figure 17. Schematic diagram of a Raman microspectrometer. The monochromatic 
incident beam is redirected through a set of optical components into the microscope 
objective. Objective is used for illuminating the sample and for collecting light scattered 
on the sample. Inelastically scattered light is then dispersed into a spectrum inside the 
main spectrometer unit. The computer collects Raman signal from the charged coupled 
device (CCD) detector attached to the spectrometer and optical images from the video 
camera attached to the microscope. 
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Figure 18. Raman spectra of pristine and indented silicon by a Ramascope 2000 
(Reinshaw) with a 514.5 nm Ar-ion laser. It shows that after nanoindentation, a single 
band ~ 520 cm-1 of pristine silicon has been replaced by multiple bands that belong to 
metastable phases, Si-XII and Si-III. 
 
 
 
A Ramascope 2000 (Renishaw, UK) Raman microspectrometer was extensively 
used for phase analysis in this study. Three lasers, a 514.5 nm Ar ion laser, a 633 nm He-
Ne laser, and a 785 nm diode laser, are used with this spectrometer. Three diffraction 
gratings (1200 grooves/mm for the 780 nm laser, 1800 grooves/mm for the 633 nm laser, 
and 2400 grooves/mm for the 514.5 nm laser) are available for dispersing scattered light 
into spectra, providing spectral resolution of approximately 1 cm-1 per pixel of the charge 
coupled device (CCD) camera. The spatial resolution is dependent on the microscope 
objectives and can reach 1 µm for a 100x objective. Galactic Grams 32 and Renishaw 
Wire software packages were used for analysis of collected single and multiple spectra. 
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3.5 Transmission Electron Microscopy Characterization 
Taking into account that contact loading affects only a very small volume of 
material and, compared with all other techniques, TEM is the method of choice due to its 
unequalled capabilities of both dealing with the microstructure at high spatial resolution 
and providing the crystallographic information. Therefore, as the primary 
characterization technique, TEM was extensively used throughout this research. TEM 
investigations were carried out on three different microscopes: a Philips 420 TEM, a 
JOEL 2010F TEM/Scanning TEM and a JOEL 4000 EX TEM. The tungsten-based 
Philips 420 TEM works at 120 kV with a point-to-point resolution of 0.34 nm. Besides 
the attached PGT energy dispersive X – ray spectrometer (EDS), more important is its 
uniquely wide range of specimen tilting, ± 60°. The field-emission JOEL 2010F operates 
at 200 kV with a point-to-point resolution of 0.23 nm and a lattice resolution of 0.10 nm. 
The fully loaded PGT EDS detector and Gatan electron energy loss spectrometer (EELS) 
make this microscope an ideal tool for high-resolution analytical and energy-filtering 
imaging. A variety of sample holders, including single tilt, double tilt, in situ hot stage 
(25 ~ 1000 °C) and cryo-stage (-175 ~ 50 °C), make the 2010F an instrument with full 
capabilities of various electron diffraction methods, bright/dark field and high resolution 
phase contrast imaging, and in situ experiments within a wide range of temperature. 
Although, compared with the 420, this microscope has a smaller tilting angle range, 
around ± 30°. The JOEL 4000EX is fully optimized for high resolution phase contrast 
imaging with a 0.19nm point-to-point spatial resolution and a lattice resolution of 0.14nm 
due to a 400 kV accelerating voltage. This microscope is operating at 200 kV at most 
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times because the electron beam becomes wobbly at higher voltages. Moreover, because 
of a top-entry design for the sample holder, it carries no analytical capability.  
To clearly understand the working principles and resultant advantages of TEM, 
the following sections describe the methodology and techniques used in TEM 
investigation of structural changes and mechanical deformation in materials under contact 
loading. 
3.5.1 General Concept of Transmission Electron Microscopy 
TEM was developed initially because of the limited image resolution in a light 
microscope, which is imposed by the wavelength of visible light (~0.5 µm). The concept 
of resolution in an electron microscope is the same as that in conventional light 
microscopy. Let us think of the image resolution in TEM in terms of classical Reyleigh 
criterion for light microscopy  
βµ
λδ
sin
61.0=  
Here µ, the refractive index of the viewing medium can be approximated to be the 
unity; β,  the semi-angle of collection of the magnifying lens, is generally very small (a 
few degree); and λ, the wavelength of electron beam, is related to the accelerating voltage, 
E: 
E 2/1
22.1~λ  
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Figure 19. Schematic diagram of a transmission electron microscopy. 
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Therefore, the above equations imply an electron wavelength of 0.004 nm and a 
resolution of 0.02 nm for a 100-keV electron theoretically. Unfortunately, such high 
resolution can not be reached in TEM because of lens aberrations. State of the art TEMs 
can resolve two points about 0.2 nm apart. This is approximately the separation of atoms 
in solids. More recently, with successful incorporation of a spherical aberrations corrector 
(Cs corrector), a state-of-the-art high resolution TEM can even produce a sub-Ångstrom 
resolution. With its capability of extremely high resolution, TEM allows us to investigate 
detailed microstructural changes in materials subjected to localized contact loading, such 
as nanoindentation and nanoscratching. In order to understand the way in which TEM 
works and the information it provides, it is necessary to consider the interaction between 
electrons and specimen in more detail. When a high energy electron beam interacts with a 
thin specimen, many scattering processes, including elastic scattering, inelastic scattering 
and plasmon scattering, produce a wide range of secondary signals such as X-rays, 
secondary electrons, and backscattered electrons.  Figure 19 shows a schematic diagram 
of a TEM. The electrons are produced by the electron gun, then accelerated through the 
anode plate and focused with a set of magnetic lens. After traveling through the thin 
specimen, the electron beam forms images or DPs on phosphorus screen and other 
imaging detectors. In this chapter, we focus on the direct beam and elastically scattered 
beams which form different contrast images and electron DPs. 
3.5.2 Electron Diffraction  
Using electron DPs produced by the elastically scattered electrons, the 
arrangement of atoms (structural information) in a specimen can be deduced. By using 
  
49
either selected area aperture or a nano-sized (convergent) electron beam, a spatial 
resolution of electron diffraction from several microns to several nanometers can be 
reached in TEM. Thus, using electron diffraction in TEM, the following questions can be 
addressed:  
Is the material crystalline or amorphous after contact loading? If crystalline, then 
what are the crystallographic characteristics such as the lattice parameter and crystal 
symmetry? In this way the occurrence of phase transformations (including amorphization) 
upon contact loading can be clarified. More importantly, the new structure formed during 
contact loading can be identified.  
What is the grain size and morphology of the material subjected to contact 
loading? What are the orientations of individual grains and the specimen? 
Is there more than one phase present in the localized small volume? If so, what is 
the crystallographic orientation relationship between these phases? 
For elastically scattered electrons, the Bragg diffraction law states that 
λθ nd =sin2  
where d is the interplanar spacing in crystal, λ is the wavelength of the electron 
beam, θ is the Bragg angle and n can be any integer (Figure 20). In electron diffraction, 
only first order diffraction, i.e. n=1, is considered and higher order diffraction is simply 
dealt with by using multiples of the Miller indices. In addition, the Bragg angle θ is 
typically so small that sinθ can be approximated by θ. Hence the Bragg equation can be 
rewritten as 
λθ =d2  
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Figure 20. The scattering of an incident electron beam (I) by a crystal lattice.  In the 
other side of specimen, two kinds of intense beam can be found: the direct beam (T) and 
the diffracted beam (D). In other directions (e.g. N) no intense electron beam will be 
detected. [85] 
 
 
 
Figure 21 is a schematic diagram showing the formation of an electron DP in 
TEM. Thus, for a small diffracted angle, r/L=2θ. Combining with the previous equation, 
we get 
λλ Lrdor
dL
r ==          ,  
Lλ is called as “camera constant” since it is independent from the specimen. If the 
camera length is known, then the interplanar d spacing can be determined by simply 
measuring r on the pattern. The most common electron diffraction in TEM is selected 
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area diffraction (SAD) in which a selected area aperture is inserted into the image plane 
of the objective lens to select a specific area in the specimen that will contribute the DP. 
In addition to SAD pattern, there are other DPs, such as nanobeam electron 
microdiffraction, convergent beam electron diffraction (CBED) and Kikuchi lines pattern. 
Details on different diffraction techniques can be found in general TEM references [60, 85-
88]. 
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Figure 21. Schematic diagram of electron diffraction in TEM. 
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Figure 22 shows an example of an SAD pattern obtained from single silicon 
crystal. The indexing of DPs, by measuring the distance and the interplanar angle 
between spots, allows us to identify the structure of the investigated materials, determine 
the orientation of individual grains and clarify the phase changes under contact loading.  
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Figure 22. SAD pattern from Si-I [011] zone axis in which the dynamically forbidden 
reflections (200) are visible due to double diffractions of (111) planes. 
 
 
 
3.5.3 Bright and Dark Field Images 
In TEM imaging, a DP has to be obtained first, because this pattern indicates how 
the electron beam is scattered in the specimen. Figure 23 is a DP from a crystalline 
material with schematic indication of the location of objective aperture. By selecting 
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either the direct beam (A) or a strong diffracted beam (B), the bright field (BF) and dark 
field (DF) images can be formed with objective aperture, respectively. BF and DF are 
two basic ways to form amplitude-contrast images. By selecting a strong spot with the 
objective aperture, the correspondent phase that contributes that spot can be lit up. 
Therefore, the distribution of different phases in a small transformed volume can be 
profiled by the DF imaging in TEM. In certain cases, DF can provide more contrast in 
imaging of some microstructural features, e.g. crystal defects. DF imaging is particularly 
important for the study of contact loading induced phase transformations in materials. 
 
 
 
A B 
 
 
Figure 23. DP of diamond silicon showing the relationship between objective aperture 
and TEM images. The BF or DF image is formed by selecting the direct beam (A) or the 
diffracted beam (B) respectively by using an objective aperture. 
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3.5.4 Diffraction Contrast Images 
 
image  
 
Figure 24. Diffraction contrast at an edge dislocation. The entire specimen is set at an 
orientation close to Bragg condition, then the lattice on one side of the dislocation will be 
bent locally to the Bragg condition. The dislocation core area will therefore diffract the 
beam strongly and appear dark on the bright field image. [85-88] 
 
 
 
Bragg diffraction may not only provide the information on the crystal structure 
and orientation of the grains but also create a special contrast in TEM. Diffraction 
contrast is especially useful to image such crystal defects as stacking faults, grain 
boundaries and dislocations. Understanding the defects formed during contact loading is 
of critical importance for revealing underlying mechanisms of phase transformation and 
mechanical deformation induced by localized contact loading. As a simple example of 
diffraction contrast, a schematic diagram of the dislocation contrast is shown in Figure 24. 
To make dislocations visible in TEM, the optimum condition is when the orientation of 
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the entire specimen is close to, but not exactly in the Bragg condition. In this case, the 
lattice of dislocation core will be bent locally to satisfy the Bragg condition. Therefore, 
this local region of specimen will diffract the beam much more strongly than the adjacent 
region. Then, the dislocation will appear as a dark line in a bright field image. In most 
materials, mechanical deformation is accommodated by dislocation bands or loops. It is 
also true in the mechanical deformation induced by localized contact loading like 
nanoindentation and nanoscratching. Figure 25 shows an example of a dislocation 
contrast TEM image obtained from an InP nanoindentation [89]. 
 
 
 
 
Figure 25. XTEM zone axis bright field images of indents formed in InP (a) at a 
maximum load of 25 mN, and (b) at a maximum load of 35 mN. In both cases, high 
density of dislocation bands was observed within the residual nanoindentation. [89] 
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3.5.5 Phase Contrast Images and Computer Simulation of HRTEM Images 
Phase contrast arises due to the phase differences of the electrons that pass 
through the specimen. Since most electron scattering mechanisms involve certain phase 
changes and it is impossible to prevent the deflected electrons from contributing to the 
image by using any size of aperture, some sort of phase contrast is present in every image. 
As described previously, BF or DF images require the selection of a single beam using an 
objective aperture. However, to form a phase contrast image, more than one electron 
beam is needed and therefore a larger objective aperture is used. Normally, a greater 
number of beams forming the image will give a higher resolution. The most common and 
useful phase contrast images are formed by many strong diffracted beams when the 
incident electron beam is exactly parallel to a zone axis of the crystal. Such phase 
contrast images are often called high resolution transmission electron microscopy 
(HRTEM) images or lattice fringes. These allow us to explore the atomic structure of the 
specimen. In particular, the crystallographic orientation can be determined in a very fine 
size particles and phase interfaces and crystal defects can be revealed at an atomic level. 
An HRTEM image obtained from cubic-diamond silicon is shown in Figure 26 (a) as an 
example. In addition to the lattice fringe image (HRTEM), other phase contrast images 
like Moiré fringe images and Fresnel fringe images are used to analyze dislocations, grain 
boundaries and other crystal defects. Stacking fault fringes, dislocation contrast and even 
thickness contrast images, which are traditionally classified as diffraction contrast images 
can all fall in the big family of phase contrast images.  
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Although HRTEM images carry rich information about the microstructure of 
materials, the interpretation of most HRTEM images is rarely straightforward. Therefore, 
the simulation of HRTEM images of various structures is often required. First, the 
structure, either perfect or imperfect, is assumed, the image is simulated, and finally is 
compared with the experimental image. Most HRTEM simulations are based on the 
multislice method in which the specimen is sectioned into many thin slices that are 
normal to the incident beam. To carry out multislice simulation, there are different 
approaches including reciprocal formalism, real space formalism, fast Fourier 
transformation (FFT) formalism and Bloch wave formalism. We used the JEMs software 
for high resolution image simulation. Several simulated HRTEM images of different 
metastable phases of silicon are shown in Figure 26. 
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Figure 26. (a) Experimental HRTEM image of Si-I in [110] zone axis, and simulated 
HRTEM lattice images of (b) Si-I, (c) SI-III, (d) Si-XII 
0.459nm
0.323nm
Si-XII[011]
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3.5.6 Sample Preparation 
Although TEM has extraordinary advantages over other techniques, TEM 
investigation of materials subjected to contact loading is still problematic due to extreme 
difficulties arising during the preparation of electron-transparent thin specimens of 
surface-damaged materials. The importance of sample preparation in TEM investigation 
leads to the occurrence and development of various methods and techniques.  
There are two categories of TEM samples from materials subjected to contact 
loading: plan-view and cross-sectional. Literally, the plan-view sample is for 
investigation of the surface of residual imprints from the direction normal to the surface, 
and the cross-sectional sample is used for in-depth investigations of the cross-sections of 
residual imprints. The plan-view samples allow us to investigate the surface morphology, 
plastic deformation, surface cracks, and give the information on the lateral phase 
distribution. Cross-sectional observations provide information on subsurface damage 
caused by contact loading that cannot be observed in the plan-view sample, the phase 
distribution in depth and some defect features embedded in the depth underneath the 
loaded surface.  
 
  
59
 
(a) 
10µm 
10µm 
Hole by ion 
milling 
Electron transparent 
zone 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
Mechnical thining 
Raman check 
Nanoindentation array
Ion milling 
Raman re-check 
TEM test 
Compare
Polished silicon wafer
Dimpling 
 
Figure 27. Schematics of plan view TEM sample and its preparation procedures. Indents 
were produced on the (001) surface of Si wafer with a 50mN maximum load. 
 
 
We illustrate the sample preparation procedure for an indented silicon wafer in 
Figure 27. Normal procedure of plan-view samples preparation starts with a large array of 
indents on a silicon wafer surface (Figure 27(a).) followed by back polishing, dimpling 
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and ion milling (Gatan PIPS station) to get at least one indent within the electron 
transparent thin area. Figure 27 is the schematic diagram of a plan view sample of silicon 
nanoindentations and its preparation procedures. During the thinning processes, pre-
existing micro-cracks tend to grow, which can eventually result in the sample failure. For 
this reason, it is preferred to choose a large spacing between indents. However, a large 
spacing decreases the chance of obtaining an indent in electron transparent area. 
Therefore, a spacing around 10~15 µm was chosen to avoid cracks linkage at the 
indentation load of 50 ~ 70mN. In other sample preparation experiments [68, 90], instead of 
a big array of indentations, two lines of nanoindentations that cross in an “+” shape on a 
polished surface were made with the goal to decrease indentation time and probability of 
cracking. 
Additional precautions concern re-deposition of ion-milled material on the 
indented surface and heat accumulation upon ion milling. To avoid re-deposition during 
ion milling, the indented surface is protected by a layer of nail polish which can be 
washed off easily using acetone after ion milling. A transparent nail polish is preferred 
because it contains no metal elements. During ion milling, it is more crucial to avoid 
overheating of the specimen. It was observed during this work that the crystalline 
metastable phases within nanoindentation can be easily transformed to an amorphous 
state by continuous ion milling due to the heating effect [60]. Therefore, an interrupted ion 
milling is strongly adopted to avoid heat accumulation and minimize the possible 
structural damages. In other words, the ion milling process is stopped every 10 or 15 
mins to avoid heat accumulation. In addition, silicon specimens become translucent 
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before the appearance of a hole. In the final stage of the ion milling process, monitoring 
color change of thin silicon specimen under light helps avoid over-milling of indentation 
and keeps damage to a minimum level. The accelerating voltage and current of argon ion 
beam are chosen as 4kV and 12 µA during the majority of entire milling process and 
reduced to 2kV and 1~2 µA for the final cleaning step. Meantime, a high incident angle 
(~10 degree) at the initial stage was adopted to shorten the entire milling time and was 
decrease to 4 degree in the final stage of milling to get a large electron transparent zone. 
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Figure 28. Typical Raman spectra of nanoindentation (50 mN and 60 s /180 s for 
loading/unloading) after (a) interrupted ion milling and (b) 1 hour continuous ion milling. 
It clearly shows that the crystalline phases were successfully retained by adopting 
interrupted ion milling.  
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Raman spectra of indentations were recorded before and after sample preparation 
to monitor if the preparation processes introduced artifacts into the indentations. It is 
confirmed that with unchanged Raman spectra after sample preparation, phase 
composition within the targeted indentations was retained after the interrupted ion milling 
(Figure 28(a)). At the same time, the disappearance of crystalline metastable phases after 
continuous ion milling for an hour  (Figure 28(b)) may explain why so many researchers 
did not find any crystalline phases in their TEM observations on ion milled samples [4, 58, 
59, 75, 76].  
We also apply the same method of sample preparation on hot-pressed 
polycrystalline boron carbide, which is known as the third hardest material after diamond 
and boron nitride. The plan-view investigation of boron carbide revealed the presence of 
amorphous narrow bands and local amorphous region produced during the process of 
nanoindentation (Figure 29).  
In total, more than 11000 indents were made and around 50 plan view TEM 
samples were prepared from silicon and boron carbide. Finally, we were able to obtain 22 
good specimens of silicon and 5 good specimens of boron carbide. Some specimens were 
in situ heated in JOEL 2010 F TEM at elevated temperatures from 150°C to 600°C. 
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Figure 29. Plan view TEM micrograph of a100mN Berkovich indent on hot-pressed 
polycrystalline boron carbide; (b) a magnified image showing the amorphous bands along 
the (113) and (003) planes; (c-d) HR lattice images corresponding to the boxed area in (a-
b); (e) a primarily amorphous region within the Berkovich indent. 
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The newly developed focused ion beam (FIB) technique has greatly advanced 
cross-sectional TEM studies of nanoindentation. [65, 73, 91-93] The largest benefit of using 
FIB is that it is possible to prepare a TEM specimen with pin-point accuracy from a pre-
selected area. In this way, an electron transparent cross-section of uniform thickness can 
be machined exactly through the symmetry axis of indentation [92, 93]. Nowadays, most 
FIB systems are equipped with dual-beam source. FIB stations operate in a manner 
similar to SEM. But in addition to an electron source (with a typical accelerating voltage 
of 5 kV) like in SEM, a dual-beam FIB system has an additional gallium liquid metal ion 
source (typically 30 kV in voltage). While the electron beam is used to form images like 
in SEM to choose and monitor working sites, the ion beam is focused down to probe to 
etch materials into any shapes wanted. 
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Figure 30. Geometry of cross sectional TEM specimen prepared by FIB. [65] 
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To date, two types of cross-sectional sample, namely ‘pre-thinned’ and ‘lift-out’, 
have been prepared by FIB. Pre-thinned samples require mechanically thinning before 
milling. Figure 30 is a schematic diagram of the pre-thinned sample prepared by FIB [65]. 
To aid sample preparation, some larger indents can also be made on either side of the 
nanoindentation line to act as easily visible markers. Specimens are sectioned 
perpendicularly to the indentation surface, leaving a line of indentations in the middle of 
the thin slice. Then, the slice is polished mechanically down to a thickness of about 50 
µm, which is chosen to reduce the FIB milling time and to ensure that nanoindentation 
are safe from polishing damage. Finally, the thin slice is mounted on a TEM grid and 
moved into a FIB station for further milling. A layer of platinum is deposited to cover the 
targeted indent for surface protection. The FIB milling makes two trenches on either side 
of the targeted indent and leaves a thin membrane through the cross-section of the 
targeted indent. The thin membrane should be thin enough to be electron-transparent 
when tilted by 90 degrees in TEM. Moreover, unsatisfactory samples can be returned 
back to FIB station for further milling without any evident difficulties. 
The other type of cross sectional sample is prepared by ‘lift-out’ techniques in 
FIB. In this method, no sample preparation before FIB milling is necessary, which 
reduces the time of the entire preparation process. Compared with the pre-thinning 
method, the lift-out technique is more time and material-economic. A typical procedure 
of lift-out sample preparation is shown in Figure 31. Sample preparation also starts with a 
line of nanoindentations. After depositing a protection layer of platinum (Figure 31(a)), 
two big trenches are etched on either side of the indentation line (Figure 31(b)) by a high 
  
66
current (7000~20000 pA) ion beam. Further thinning of the middle strip involves a lower 
beam current ranging from 3000 pA to 300pA  and leaves behind between the trenches a 
thin membrane around 100~300 nm thick (Figure 31(c)). An ion dose of 70 pA is adopted 
for final cleaning steps. Additional cuttings on the bottom and both side edges release the 
thin membrane. Then, the sample (a typical size of 15 µm × 5 µm) can be plucked by a 
manipulator in FIB or by a sharp glass tip under an optical microscope outside FIB 
station (Figure 31(d)). The sample plucking is of great challenge for beginners. Patience 
is the key and sometimes a moisturized glass tip is also helpful in this step. Finally, the 
sample is delivered onto a holey carbon coated TEM grid (Figure 31(e)). Figure 31(f) is a 
TEM image of a FIB prepared sample of a Berkovich nanoindentation. An Omniprobe 
manipulator that allows in situ transfer of samples in FIB may be a better solution for the 
lift-out samples. However, it was not available on the FIB station used in our work at 
Lehigh University. 
By using the dual-beam FIB station at Lehigh University, more than 30 attempts 
were made to prepare cross sectional samples from nanoindentations. However, due to 
the difficulty of sample plucking, only 7 specimens were obtained and finally 
investigated in TEM.  
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     (c)          (d) 
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Figure 31. Cross-sectional sample preparation of nanoindentation by ‘lift-out’ technique 
in FIB workstation. 
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However, as in all sample preparation methods, materials suffer damage in 
structure during FIB milling. The damages can be less avoidable in FIB milling due to a 
higher energy ion beam (~ 30 kV in typical) compared with conventional argon ion 
milling (~ 3-5 kV). Moreover, because ion milling process in FIB is localized in a very 
small area, local heating cannot be prevented, especially for materials with low heat 
conductivity. Besides heating effect, other possible damages include surface 
amorphization and re-deposition. The platinum layer for protecting the indented surface 
is required to have a minimum thickness of 25 nm to be an effective barrier. However, 
even during the process of platinum deposition, the high energy ion beam can penetrate 
into materials and cause a thin amorphous rim at the upper surface. It has been reported 
that the amorphized layer due to ion bombardment or redeposition in a FIB prepared 
SrTiO3 sample can be as thick as 33 nm [94]. To minimize artifacts resulting from FIB 
milling, it is suggested to use lower dose of ion beam within reasonable milling time and 
not to inspect the sample by scanning ion beam if possible. Also, relatively thick samples 
are preferred in our case of silicon nanoindentations, which prevent indents from further 
damages. Besides our work on silicon, we also prepared cross-sectional FIB samples of 
nanoindentation from single crystal boron carbide by adopting the lift-out technique. An 
example of the cross sectional sample of nanoindenation has been shown in Figure 32.  
We also performed TEM investigations on some DAC-compressed powder 
specimens whose sample preparation is very straightforward: the particles are first 
dispersed in isopropyl alcohol and then collected onto a lacey carbon coated TEM grid. 
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Figure 32. (a) Bright field and (b) dark field XTEM micrographs of a 200mN indent on 
single crystal B4.3C. It shows that beneath the indent, shear bands and micro-cracks lay 
along the (113) planes. Within the indented area, the single crystal materials has been 
nanocrystallized and partially rotated during nanoindentation. 
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3.5.7 Electron Beam Effect 
In TEM, the electron beam is composed of high-energy particles (electrons). The 
specimen heating due to electron dose is quite substantial for the sample with poor 
thermal conductivity, such as most ceramics and semiconductors. For example, in TEM 
investigation on silicon nanoindentations, the beam heating effect must be taken into 
consideration because the stabilities of metastable silicon phases produced by 
nanoindentation are highly temperature-sensitive. Other damage induced by electron 
beam results from radiolysis and knock-on damage. The radiolysis can occur in covalent 
or ionic materials such as semiconductors and ceramics, and it can change their structure 
through a series of reactions driven by the electron beam. We can use higher accelerating 
voltage to minimize the heating effect and radiolysis. However, the knock-on damage 
becomes prominent with increasing electron voltage. Knock-on damages result from 
electron energy transfer to the specimen atoms and lead to direct displacement of atoms 
and creation of point defects. It has been reported that the low threshold electron energy 
for knock-on damage in an isolated single-wall carbon nanotube is about 86 kV [95].  
It is important to note that the actual TEM contrast of images and sample 
preparation procedures are complicated and have only been briefly stated here. To get a 
more comprehensive coverage of TEM principles, readers are referred to the general 
TEM literature [85-88]. 
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CHAPTER 4. RESULTS AND DISCUSSIONS 
4.1 Silicon Powder Compressed in DAC 
Pure crystalline silicon powder was placed in a DAC without pressure medium for 
high pressure experiments. In situ Raman spectroscopy measurement was conducted with 
an argon ion laser (excitation wavelength of 514.5 nm). Figure 33 shows light 
microscopy images of a silicon powder sample at different pressures. Corresponding 
Raman spectra during one compression-decompression cycle are presented in Figure 34. 
Compared with the surrounding steel gasket, silicon powder initially appears to be 
dark at atmospheric pressure (Figure 33(a)). Upon compression in DAC, the powder 
sample is squeezed into a small pellet and partially extruded out of the gasket hole under 
pressure in DAC. With increased pressure, the characteristic peak around 520 cm-1 of Si-I 
broadens and shifts to higher wavenumbers (Figure 34(a-b)) and disappears completely 
above 11GPa (Figure 34(c)). At the same time, the sample changes its color suddenly and 
becomes bright. Consequently, the silicon sample is barely distinguishable from the 
surrounding steel gasket under light microscopy at this pressure (Figure 33(b)). This 
indicates there is a sudden drop in the optical gap of the sample during the phase 
transformation. At 11GPa a small broad peak ~ 400 cm-1 appears in Raman spectrum 
(Figure 34(c)) after a rather long collection time (1000 seconds with a 25 mW incident 
beam). With pressure increased further, this small peak is found to displace to higher 
wavenumbers. Consistent with the previous work by Olijnyk [96], this 400 cm-1 peak is 
assigned to Si-II. At around 15 GPa, the Si-II peak is not noticeable even after a very 
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long collection time (Figure 34(d)). The disappearance of this peak may result from a 
transition from the metallic β-tin structure to the primitive hexagonal structure (Si-XI) [96]. 
This high-pressure hexagonal structure exhibits no Raman scattering effects. Once the 
pressure release begins, the Si-II peak reappears again (Figure 34 (e)) and displaces from 
405 cm-1 to lower wavenumbers with decreasing pressure. It is also seen that the pressure 
release in the center area is slower than that in the edge of the sample. On unloading, the 
edge area first experiences a phase transformation to Si-XII (Figure 34(f)) while the 
center area retains the Si-II structure. The corresponding pressures for these two regions 
are 6~8 and 8~11 GPa, respectively. Accompanying the emergence of Si-XII, the sample 
reverts to the pre-compression color. Figure 33(c) shows that the sample exhibits two 
clearly distinct colors, which correspond to the coexistence of dark Si-XII and bright Si-II 
in the middle of unloading process. During subsequent decompression to ambient 
pressure, the entire sample restores the dark surface again (Figure 33(d)). In the Raman 
spectrum of Si-XII, only the changes in relative intensities of some peaks are noticed. 
Apparently, the final composition of the sample was a mixture of Si-III and Si-XII in 
addition to a small amount of amorphous silicon (Figure 34(g)). 
 However, Raman spectroscopy is a surface cahraterization technique. For 
example, an argon laser (λ~514.5 nm) has a penetration depth about 1 µm on cubic 
diamond silicon. By additional Raman spectroscopy analysis, a small amount of 
untransformed cubic diamond silicon has been detected.  
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Figure 33. Light microscopy images of silicon powder compressed in a DAC showing 
that (a) the dark powder sample is filled in the gasket hole at ambient pressure; (b) the 
sample has been transformed into Si-II under pressure (~ 11 GPa), exhibiting a shinny 
metallic surface; (c) in the middle of unloading, a magnified micrograph of the boxed 
area in (b) is acquired, revealing the edge part of sample has recovered back to be dark 
semiconducting phase while the central part still retains the metallic surface. 
Corresponding Raman spectra revealed that the dark area consists of Si-XII and the 
bright area is Si-II; (d) after complete unloading, the surface color recovers to pre-
compression state. A mixture of Si-XII and Si-III was identified by using Raman 
spectroscopy. 
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Figure 34. Raman spectra of silicon powder during one compression and decompression 
cycle. The ambient pressure spectrum shown in (a) is typical cubic diamond structure Si-I, 
dominated by one single peak around 520 cm-1. During compression, the 520 cm-1 
broadens and shifts to higher numbers with applied pressure in spectrum (b). At ~ 11GPa, 
the Si-I structure transforms to the metallic Si-II and a broad peak at 400 cm-1 can be 
identified in the corresponding spectrum (c). When the pressure is increased to around 
15GPa, the Si-II peak becomes unnoticeable in spectrum (d) after a transformation from 
Si-II to Si-XI.  As the unloading begins, Raman spectrum (e) shows the reappearance of a 
broad peak at ~ 405 cm-1, which becomes weaker and shifts to lower wavenumbers with 
further unloading. When the pressure is decreased to 8 GPa, the Raman spectrum (f) 
reveals the formation of Si-XII. Finally, spectrum (g) confirms a mixture of Si-III and Si-
XII that are present in the sample after complete decompression. 
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In situ Raman spectroscopy analysis confirms that silicon powder subjected to 
high pressure in DAC consists of two crystalline phases, Si-III and Si-XII. Figure 35 
shows a high resolution lattice image of a large grain of Si-XII phase in the DAC 
compressed particles. Such a mixture of Si-XII and Si-III arises from the incomplete 
transformation of Si-XII → Si-III. This is consistent with previous x-ray diffraction DAC 
studies by Crain et al [16], who showed that the Si-XII → Si-III transformation begins 
around 3 GPa and is not completed after final decompression to ambient pressure. 
Therefore, it is of fundamental interest to understand why silicon did not recover back to 
cubic diamond structure after pressure release. Theoretical calculations [23, 31, 97]showed 
that both Si-III and Si-XII have higher enthalpies than Si-I at ambient pressure, indicating 
that they are metastable at ambient conditions. However, a direct phase transformation 
from Si-III to Si-I has never been reported experimentally. The absence of such direct 
transition may stem from the fact that the cubic diamond (Si-I) and body-centered cubic 
(Si-III) structures are topologically very different, as Biswas et al argued [31]. To 
complete a transition from body-centered cubic to cubic diamond structure by shear 
distortion, as many as one-fourth of all tetrahedral bonds need to be broken and reformed, 
which implies a high energy barrier to overcome for the Si-III → Si-I transformation. 
Thus, Si-III can persist at ambient conditions. Also, it was found that, in a shear induced 
transformation between Si-III and Si-IV, fewer bonds need to be broken, suggesting that 
Si-IV can be an intermediate phase between Si-III and Si-I. This was confirmed 
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experimentally when the Si-III → Si-IV transformation has been observed at elevated 
temperatures [54]. 
 
 
(110) 
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Figure 35. High resolution lattice image obtained from DAC powder sample after 
complete unloading. It shows a rather large grain of Si-XII phase. The lattice is composed 
of two major planes (110 and 111) of Si-XII with an interplanar angle of 88.5° between 
them. 
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In order to investigate the effect of temperature on various phases and determine 
the stabilities of DAC produced metastable phases (Si-XII and Si-III), we performed 
Raman spectroscopic analysis and Micro X-ray diffraction experiments. Before and after 
different heat treatments, Raman spectra were acquired from compressed pellets of 
silicon powder. The Raman spectrum before heating (Figure 36(a)) shows that within the 
DAC compressed silicon pellet, a considerable amount of Si-XII phase exists in addition 
to Si-III, indicated by the strong band at 350 cm-1. Si-XII seems very unstable upon 
heating and fades away during a 5 minute annealing at 200°C. As a result, the 350 cm-1 
band vanishes in the corresponding Raman spectrum (Figure 36(b)). Meanwhile, a broad 
peak appearing around 506 cm-1 signifies the formation of Si-IV. Other noticeable 
features in this spectrum include the rather strong peaks of Si-III, i.e. the band at 430 cm-1, 
and two rather broad peaks around 175 and 475 cm-1 which imply the occurrence of 
amorphization along the entire annealing process. Such spectra remain unchanged for 
about 30 minutes. As shown in Figure 36(d), only Si-IV and a-Si are identified in the 
specimen with no traces of Si-III phase after a 30 minute annealing at 200°C. Therefore, 
the phase changes in DAC compressed pellets during annealing 200°C are concluded as 
Si-XII + Si-III → Si-III + Si-IV + a-Si → Si-IV + a-Si. 
Additional characterization by micro X-ray diffraction was carried out. The 
obtained spectra are shown in Figure 37. However, due to inherent deficiencies of the 
imaging plate of the X-ray diffractometer, the intensity of peaks at high scanning angle 
(2θ > 45°) can not be read accurately. To clearly understand the XRD spectra evolutions 
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upon annealing at elevated temperatures, the major allowed reflections (d/n values) of 
various silicon structures are listed in Table 3. 
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Figure 36. Raman spectra obtained from the DAC squeezed pellet of silicon powder (a) 
right after unloading, no heat treatment; (b-d) after annealing at 200 °C for (b) 5 minutes; 
(c) 10 minutes and (d) 30 minutes.  
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Figure 37. Micro XRD results of DAC compressed silicon powder (a) right after 
unloading, no heat treatment; (b-d) after annealing at 200 °C for (b) 5 minutes; (c) 10 
minutes and (d) 30 minutes. 
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Table 3. Major allowed d/n values of various silicon phases (after JCPDS data). 
 
Si-I (cd) Si-III (bc8) Si-IV (hd) Si-XII (r8) 
(hkl) d (nm) (hkl) d (nm) (hkl) d (nm) (hkl) D (nm)
100 0.31291 110 0.46948 100 0.32909 1-10 0.46978
220 0.19161 200 0.33200 002 0.31345 100 0.46039
311 0.16341 211 0.27107 101 0.29136 11-1 0.32881
222 0.15645 220 0.23475 102 0.22697 11-2 0.27123
400 0.13549 222 0.19168 110 0.19000 20-1 0.26938
331 0.12433 321 0.17746 103 0.17640 110 0.26407
422 0.11063 400 0.16600 200 0.16454 11-3 0.19113
 
 
 
In Figure 37(a), the XRD spectrum showing the strongest peak at 2θ ≈ 33° 
(d=0.26-0.27 nm) indicates that after complete unloading, DAC pellets are mainly 
composed of two metastable phases (Si-XII and Si-III) in addition to a small amount of 
untransformed Si-I. A small peak at 2θ ≈ 31° (d ≈ 0.29 nm) appearing in the spectrum 
(Figure 37(b)) confirms the formation of Si-IV in the pellets subjected to 5 minutes of 
annealing at 200°C. With increasing annealing time, the peaks at 2θ ≈  27°, 28.5°, and 
31° become predominant while the peak at 2θ ≈ 33° (d=0.26-0.27 nm) diminishes. 
Finally, after annealing for 30 minutes (Figure 37(d)), only Si-IV and Si-I are observed in 
the pellet without any traces of Si-III/Si-XII. Thus, such evolution of XRD spectra has 
manifested a phase transformation from Si-XII/Si-III to Si-IV in the DAC samples 
subjected to annealing at 200°C. Comparing to the Raman spectroscopy results in which 
the annealing induced amorphous phase has been clearly identified, the XRD results 
show no clear evidence of the amorphous phase. This discrepancy may stem from the fact 
that, for the amorphous structure, Raman scattering can be greatly enhanced while X-ray 
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diffraction is, on the contrary, heavily diffused and weakened. High resolution TEM 
investigation was performed the DAC compressed particles after annealing. Figure 38 is 
a high resolution image showing the coexistence of Si-III, Si-IV and Si-I in the DAC 
compressed particles subjected 5 minute annealing at 200°C.  
 
 
 
 
Figure 38. High resolution lattice of DAC powder sample after annealing at 200°C for 5 
minutes. It shows an interesting small area in which Si-III transitions to Si-IV and Si-I 
immediately. 
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Figure 39. Raman spectrum showing the presence of a new structure, Si-XIII in some 
DAC compressed silicon powder samples after annealed at 200 °C for 5 minutes. 
 
 
 
For most DAC pellets, the evolutions of their Raman spectra upon heat treatment 
are almost identical to that shown in Figure 36. Nevertheless, a few pellets gave out a 
different Raman spectrum (Figure 39) after 5-minute annealing at 200 °C. In this 
spectrum, in addition to several minor bands that belong to the remained Si-III and a band 
of Si-IV at ~510 cm-1, there are 4 bands at 200, 330, 475 and 497 cm -1 which do not 
match any of the established Raman spectra of silicon phases. Because of the narrow 
width of these bands, they have been assigned to a new crystalline phase, Si-XIII.  With 
increasing duration of annealing to 10 minutes, the characteristic peaks of this new Si-
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XIII phase vanish completely and the corresponding spectrum is identical to that in 
Figure 36(d), which indicates the formation of Si-IV from the Si-XIII phase. Therefore, it 
is suggested that Si-XIII is formed as an intermediate between Si-III and Si-IV. It was 
also found that the formation of Si-XIII is rarely observed in DAC pellets but was very 
pronounced in indentations. This probably results from the much higher deviatoric 
stresses in the latter case, which may facilitate the Si-III → Si-XIII transformation. 
 
 
  
10 20 30 40 50 60
0.
31
3 
nm
0.
47
 n
m
0.
49
8 
nm
0.
57
7 
nm
Cu Ka
0.
16
3 
nm
0.
17
8 
nm
0.
19
1 
nm
0.
19
5 
nm
0.
26
 n
m
0.
21
2 
nm
0.
41
 n
m
0.
54
2 
nm
0.
64
 n
m
0.
70
4 
nm
2theta
Si-XIII
Si-III
Si-XII
Si-IV
Si-I
0.
31
3 
nm
0.
47
 n
m
0.
49
8 
nm
0.
57
7 
nm
0.
16
3 
nm
0.
17
8 
nm
0.
19
1 
nm
0.
19
5 
nm
0.
26
 n
m
0.
21
2 
nm
0.
41
 n
m
0.
54
2 
nm
0.
64
 n
m
0.
70
4 
nm
 
Figure 40. A unique Micro X-ray diffraction pattern obtained from the DAC sample 
whose Raman spectrum indicates the formation of Si-XIII during the annealing at 200 °C. 
This XRD pattern may suggests the presence of a new structure (Si-XIII) as a metastable 
phase formed from Si-III. 
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Figure 41. HR TEM micrographs obtained from DAC treated powder sample after 
annealing at 200 °C for 5 minutes, showing (a) a small grain of Si-XIII embedded in Si-I 
crystal and (b) the 82 degree pattern of Si-XIII surrounding a small grain of Si-I. 
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(a) 
(b) 
 
Figure 42. SAD patterns from DAC powder sample after annealing at 200°C for 5 
minutes. Both patterns shows some spots with unusual d values (0.56 nm, 0.50 nm and 
0.35 nm) which cannot be assigned to any known silicon phases. Therefore, these two 
patterns are very probably contributed by the unidentified Si-XIII structure. 
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Micro-XRD tests performed on these unique samples delivered an unidentifiable 
pattern (in Figure 40). TEM observations on these annealed powder particles revealed 
many lattice patterns which can not be indexed by any known silicon phases. Therefore, 
these patterns very likely belong to this structurally unidentified phase, Si-XIII. 
Especially, any known silicon phases have no allowed diffraction planes with d value 
higher than 0.50 nm. Similar d values were also present in SAD patterns from annealed 
DAC powder (See details in Figure 42). Two HR TEM micrographs in Figure 41 are 
visualizing the presence of Si-XIII. Among our high resolution images, the most common 
TEM 2D lattice patterns of this phase are those in which both planes have the same d 
value of 0.31 nm, but with different interplanar angles: 82° and 75°. These patterns 
cannot be matched by any known silicon phase. (The <001> zone axis pattern of Si-I has 
the same d values, but with an interplanar angle of 70.5 degree.)  
So far, we have a candidate structure that can match our experimental data. It is a 
cubic structure with large unit cell. Still, it can be slightly distorted tetragonally or 
rhombohedrally because we observed slightly different interplanar spacings and lattice 
parameters in TEM and micro-XRD studies. The actual parameters of the structure can be 
varied a bit. The number of atoms in the unit cell is based on density comparison with Si-
III and Si-IV because Si-XIII is supposed to be the intermediate phase between Si-IV and 
Si-III. Unfortunately, we are not able to provide information about atom positions based 
on the available experimental results. Simulated by software Crystal Studio®, a list of 
crystallographic planes and their d values for this candidate has been obtained, shown in 
Table 4. 
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To finally identify the structure of Si-XIII, more diffraction experiments must be 
performed with a higher resolution and precision. Because the formation of Si-XIII can 
be facilitated by the deviatoric stress in applied pressure, our continuing efforts on the 
rotational DAC experiments are expected to provide additional information. 
 
 
Table 4. Primitive lattice parameters of the suggested candidate for Si-XIII. 
 
Cubic candidate 
a= 0.985nm, γ=90° 
It contains 48 atoms in each unit cell. 
Planes d(nm) 
100 0.985 
110 0.696 
111 0.569 
200 0.497 
201 0.441 
211 0.402 
220 0.348 
300(221) 0.328 
301 0.311 
311 0.297 
222 0.284 
320 0.273 
321 0.263 
400 0.246 
401 0.239 
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4.2 Phase Transformations of Silicon During Nanoindentation 
Ex-situ examinations on residual imprints were performed by Raman 
spectroscopy and TEM to investigate phase transformations of silicon during 
nanoindentation. A Raman spectrum of a typical indent obtained after slow unloading is 
shown in Figure 43. In the absence of the characteristic peak of Si-I at 520 cm-1, the 
bands at 166, 184, 350, 375, 397, 435 and 485 cm-1 have been assigned to Si-XII and the 
bands at 166, 384, 415, 433, 465 cm-1 to Si-III [8, 26]. This spectrum of residual indentation 
is almost identical to those of DAC powder samples after decompression. Therefore, it is 
reasonably conceived that during nanoindentation, a similar phase transformation 
sequence as that in DAC takes place in the indented area. In other words, Si-I is believed 
to transform to Si-II almost completely under high pressure induced by indentation and 
thereafter transform to metastable crystalline phases Si-XII and Si-III upon unloading. It 
is important to note that the Raman spectra of indentations used for the following TEM 
analysis did not show the bands of a-Si. 
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Figure 43. Raman spectrum of a Berkovich indentation obtained after slow unloading 
from 50 mN. All bands in the 166 cm-1 to 490 cm-1 range have been assigned to the Si-III 
and Si-XII phases. 
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Figure 44. (a) Bright field XTEM image of a 100mN nanoindentation after a slow 
unloading (180 second unloading time); (b) SAD pattern of the nanoindentation showing 
reflections from Si-III and unidentified structure in addition to partial amorphization; (c) 
Raman spectrum of the nanoindentation after FIB preparation. 
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TEM examinations were carried out in both plan-view and cross-sectional view. 
We first discuss the results of cross-sectional TEM (XTEM) investigation here. Figure 
44(a) is a cross sectional view of a 100mN nanoindentation after a slow unloading. It 
clearly shows a pyramidal transformation zone beneath which there is a shear 
deformation band along the right edge of the transformation area. This shear band also 
lays in the (111) plane, the easy-slipping plane of dislocations for cubic diamond 
structure. Unfortunately, we were unable to obtain high resolution images due to 
excessive thickness of the sample. Moderately thick (300-400 nm) samples were prepared 
to minimize possible artifacts resulting from FIB milling. However, even for such thick 
samples, the SAD pattern (Figure 44(b)) already shows the presence of amorphous 
material. Furthermore, some reflections with unusual d value (0.50nm) are visible in the 
DP. Raman spectroscopy analysis on this FIB prepared specimen delivered a spectrum in 
Figure 44 (c). Therefore, both SAD patterns and Raman analysis have evidenced the FIB-
induced damages including partial amorphization of Si-XII/Si-III and formation of an 
unidentified structure (probably Si-XIII). Knowing this fact discouraged us from further 
XTEM investigation on silicon nanoindentation.  
On the other hand, metastable silicon phases in nanoindentations were safely kept 
intact during plan-view sample preparation by adopting interrupted PIPS ion milling, as 
evidenced by the unchanged Raman spectrum after the entire preparation process. 
Therefore, our TEM efforts were primarily carried out in plan view. Figure 45(a) 
illustrates a plan-view BF image of a nanoindentation with a 50mN maximum load and a 
slow unloading rate. In addition to some slight extrusions found at the edges of the 
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indentation, the most noticeable features in this micrograph are the microcracks 
emanating from the corners of the pyramidal imprint. 
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Figure 45. (a) Plan-view BF image of a 50mN nanoindentation (It had a loading time of 
60 seconds and a unloading time of 180 seconds, respectively); (b-c) SAD patterns of the 
entire indentation in two different zone axis obtained by sample tilting. Both of them 
show clearly spots splitting that indicates the presence of the r8 phase in addition to the 
bc8 phase.  
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As a commonly used technique for structure characterization, SAD was adopted 
in most previous TEM work on silicon indentations to identify metastable silicon phases 
formed upon contact loading[61-65]. However, due to the structural similarity between Si-
III and Si-XII (r8 is a slightly rhombohedrally distorted bc8; see Table 1), it is not easy to 
distinguish them by SAD. As an example, the Si-III DP reported by Zarudi and Zhang [61] 
in the [111] zone axis with reflections of the (110) planes can also be indexed as Si-XII in 
the [011] zone axis. Some similar ambiguous SAD patterns were also obtained in our 
work. However, the spot splitting in both the tangential and radial direction is an 
implication of the presence of the distorted pseudo-cubic structure of Si-XII in addition to 
the perfect cubic structure Si-III. Thus, multiple SAD patterns, reflection features such as 
spot splitting, and high resolution images are needed to clearly identify either Si-III or Si-
XII. The most reliable way to distinguish Si-III and Si-XII is to measure interplanar 
angles between reflection planes rather than the spacing of fringes. To demonstrate this, 
two DPs (Figure 45(b,c)) which can be identified as Si-III and Si-XII are taken as 
examples here. For the pattern in Figure 45(b), the reflections in the first inner ring (d = 
0.46-0.47 nm) can be diffracted from either {110} planes of Si-III or {100 or 110} planes 
of Si-XII. Note that the {100} and {1 1 0} planes belong to the same group in 
rhombohedra and hexagonal system. By simple calculation, it can be derived that the 
interplanar angle between {100} planes in a cubic system like Si-III can be only exactly 
60 degrees. In contrast, the interplanar angles between {100 or 1 1 0} planes in 
rhombohedral Si-XII have deviated from 60 degrees and are equal to 58.4 or 61.6 degrees. 
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At the same time, the comparison of d values of these two systems (Si-III {110} vs. Si-
XII {110}), according to the data in Table 3, comes out with a difference much less than 
0.1% in contrast with a difference of more than 2.6 % in interplanar angles. Similarly, the 
first two inner reflections of DP in Figure 45(c) can be assigned as the {110} and {002} 
planes of Si-III or the {010 or 1 1 0} and {1 1 1} planes of Si-XII. The calculated 
interplanar angles for these two indexing system are 90 degrees in Si-III and 88 (or 92) in 
Si-XII. Therefore, the difference in the angles is more than 2 %. Meantime, the difference 
in d values is less than 1%. More critically, a precise measurement of d value in DPs or 
HR lattice images requires excellent calibrations of camera length and lattice spacing 
with high accuracy.  
By choosing a smaller selected area aperture and tilting the sample stage, two 
patterns were carefully obtained from Si-III [Figure 46(a) inset] and Si-XII [Figure 46(b) 
inset], respectively. DF images taken from the specifically boxed diffraction spots, Si-III 
(200) and Si-XII (010), highlight the distributions of the corresponding phases as bright 
areas within the indentation zone. As evident from these images, the Si-III phase 
dominates the center and the pyramid edges of the indent, and the Si-XII is primarily 
present at the outer edges of the indent. This might reflect the distribution of the residual 
stresses within the indentation area, since the Si-II → Si-XII transformation precedes to 
form Si-III [16]. As a result, the DPs and DF images provide evidence of the coexistence 
of Si-III and Si-XII in nanoindentations, which was suggested by the Raman spectra. 
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Figure 46. Dark field TEM images from the boxed reflections (200 of Si-III and 010 of 
Si-XII), and SAD patterns of (a) Si-III (bc8) and (b) Si-XII(r8) in the nanoindentation on 
a (001) Si wafer. 
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(a) 
(b) 
 
Figure 47. DF TEM micrograph of 50 mN nanoindentations (with 60 sec loading and 
180 sec unloading time). (a) Si-XII phase is highlighted by choosing a strong diffracted 
spot (111) from the rhombohedral structure; (b) Si-III is highlighted by choosing the 
reflection of (002) plane of the body-centered cubic structure. 
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More DF images showing consistent results were obtained to verify such 
distributions of metastable phases (Figure 47). Moreover, a recent cross sectional 
investigation by Zarudi et al confirmed a similar phase distribution within spherical 
nanoindentation: BC8 crystals are formed in the central region of the transformation zone, 
whereas the majority of the R8 phase is in the pyramidal side area [98]. SAD pattern was 
also used to identify the crystallographic relationship between metastable phases and 
untransformed Si-I. Thus, the crystallographic orientation relationship between Si-I and 
Si-III/Si-XII has been established in Figure 48: Si-I (111) // Si-III(211) // Si-XII (11 2 ). 
 
 
 
Figure 48. SAD pattern of a 50 mN silicon nanoindentation (with 60 sec loading and 
180 sec unloading time), which also contains some reflections (boxed) from the 
surrounding pristine Si-I.  
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Figure 49. (a) High resolution TEM image of crystalline and amorphous silicon regions; 
(b) Magnified image of zone (b); (c) Magnified image of zone (c) framed in (a). 
 
 
 
Complementary to the SAD technique, high resolution observations provide 
additional structural information to reveal lattice structures of different phases formed 
during nanoindentation, and to understand underlying mechanisms of phase 
transformations. Moreover, high resolution imaging can effectively distinguish various 
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metastable phases, especially the structurally similar phases (Si-III and Si-XII). Therefore, 
the interfaces between phases can be visualized.  
Although SAD did not show a clear halo ring pattern of a-Si, some amorphous or 
highly defective crystalline regions were found by HRTEM investigations.  Figure 49(a) 
shows one area in which a crystalline grain is surrounded by a-Si. The crystalline lattice 
was distorted at the interface and gradually grew into completely disordered amorphous 
region. Figure 49(b) shows the details of an intermediate zone between the crystalline and 
amorphous areas. In this transition region, there are many crystalline pockets embedded 
in a-Si with sizes less than 5 nm. The interface between crystalline and amorphous 
phases is not smooth. This is consistent with the HRTEM findings by Zarudi and Zhang 
[61]. The reason for such an irregular interface was claimed to be the anisotropy of the 
atomic lattice structure of silicon. In our HRTEM work, amorphous regions were 
commonly observed between neighboring crystalline grains, typically smaller than 50 nm 
in length. Moreover, within the crystalline area in Figure 49(a), the upper part is slightly 
misaligned with respect to the lower part. The enlarged image of the middle region is 
shown in Figure 49(c). The lattice has rotated to a certain degree as result of deformation 
by introducing three edge dislocations. Based on the careful measurement of interplanar 
spacing, a slightly different lattice spacing showing a very high lattice strain was 
observed. 
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Figure 50. High resolution image showing the coexistence of Si-III and Si-XII within 
one crystalline domain and the corresponding DP which can be assigned as the zone axis 
pattern of either Si-III <010> or Si-XII <011>. The DP has been indexed by both Si-XII 
reflections and Si-III reflections (in brackets). 
 
 
 
A high resolution image taken at a titling angle, where the SAD pattern (see the 
inset at the left bottom corner) has the aforementioned spot splitting, is shown in Figure 
50. The inset DP is formed in the zone axis of Si-III <010> or Si-XII <011>. Having very 
  
102
similar lattice spacing values (see details in Table 3), these two structures can only be 
distinguished from the interplanar angles: for Si-III, it should be exactly 90 degrees; for 
the rhombohedrally distorted Si-XII, there is a slight deviation. The examination of 
interplanar angles in the high resolution lattice image demonstrates that both Si-XII and 
Si-III coexist in one crystalline domain. It is also noticed that no distinct interfaces are 
present. For example, the lattice undergoes a transformation from right to left through a 
slight lattice deflection which is accommodated by simply incorporating a single edge 
dislocation. In addition, a micro-twinning structure, a characteristic feature for the 
pseudocubic structure, manifests in the left-top corner. Moreover, the Si-XII lattice 
exhibits varied interplanar angles from 86.5 to 88 degrees which result from slight 
variations of rhombohedral distortion in this structure. This indicates a strong 
inhomogeniety of residual stresses in a local area. At the top part and right bottom corner 
of this image, the perfect ordered lattice becomes more and more disordered and 
transitions into an amorphous state are observed. Within the amorphous region, some 
small distorted crystalline pockets with the size of 2-3 nm were also observed. 
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Figure 51. BF TEM micrograph of a 50 mN indent (with an unloading time of 180 
seconds) and correspondent DP showing the presence of a mixture of Si-III and Si-XII. 
The framed area has been investigated in high resolution (See details in Figure 52). 
  
104
     
    
   
(a) 
(b) 
(c) 
(d)
(e)
(f)
 
Figure 52. (a-c) Magnified TEM images obtained from the area a, b and c in the framed 
part of Figure 51, respectively. (d-f) corresponding FFT simulated DPs of high resolution 
lattice of (a-c). 
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Figure 51 is the bright field TEM image of another 50mN nanoindentation and its 
correspondent DP which is obtained in the same zone axis as the one in Figure 50, 
exhibiting obvious spot splitting as well. A small framed area along one of the pyramidal 
ridges was investigated in high resolution. The lattice structures in the diagonal of this 
small area have been shown and compared in Figure 52(a-c). With the aid of the fast 
Fourier transformation (FFT) method, the DPs of lattice images were simulated, as shown 
in Figure 52(d-f). By measuring interplanar angles in FFT simulated DPs, a structural 
transition from Si-XII to Si-III along the diagonal has been identified. The lattice in the 
left-top corner (Figure 52(a)) has an interplanar angle of 90 degrees and is accordingly 
indexed as the cubic Si-III. An interplanar angle of 88 degrees identifies the lattice in the 
right-bottom corner (Figure 52(c)) as Si-XII. Distinct from the direct Si-XII → Si-III 
transition observed in Figure 50, Si-XII transitions to Si-III through an intermediate zone 
(Figure 52(b)) which is between crystalline and amorphous. Lattice forms like these can 
be referred as “mesocrytalline structures”.  
In Figure 53(a), the lattice in the left part of the HR TEM image is indexed as Si-
III. Figure 53(b) shows the enlarged image of region B, which reveals orthogonal fringes 
separated at 0.332 nm. These correspond to the (200) planes of Si-III, shown in the 
simulated lattice fringe image in Figure 53(b). For region C in Figure 53(a), the lattice 
begins to rotate and the lattice spacing gradually decreases to 0.313 nm [Figure 53(c)]. 
Therefore, the lattice in the right part in Figure 53(a) is thought to be Si-I (111) planes 
(d111=0.31291 nm). It is also noticed that the lattice in region C is not perfectly ordered 
anymore. The lattice rotation, which is characterized by several terminated planes on the 
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Si-I side in Figure 53(c), apparently results in a structural transition between the body 
centered cubic Si-III and the rather disordered Si-I structures. 
 
 
  
 
(a) 
(b) (c)
 
Figure 53. (a) High resolution image of the Si-III /Si-I interface in a nanoindentation; (b) 
enlarged image of zone (b) in (a); (c) enlarged image of zone (c) in (a). 
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Figure 54. High resolution lattice image obtained from residual indent (a maximum load 
of 50 mN and 60/180 sec loading/unloading time) showing that the grains of metastable 
phases, Si-III and Si-XII, commonly have an amorphous transition region as interfaces. 
 
 
Figure 54 is another sample showing the metastable phases have an amorphous 
transition region as interfaces. Therefore, these HR TEM observations showed that the 
lattice deflection due to the introduction of dislocations (Figure 50 and Figure 53) or a 
amorphous region (Figure 52 and Figure 54) are the two most common interfaces 
between crystalline phases, leading to an immediate transformation or a gradual 
“ordered-disordered-ordered” transition between various crystalline grains. By using 
Raman spectroscopy, it has been recognized that the unloading rate, rather than loading 
  
108
time or applied maximum load, is the key factor in controlling the phase composition of 
residual imprints [8, 26]. Two types of silicon nanoindentation were made to investigate the 
effect of unloading rates.  The DP in Figure 55(a) clearly evidences that with a slow 
unloading rate, the residual indent mostly consists with two crystalline metastable phases 
(Si-III and Si-XII). In contrast, with a fast unloading rate, only halo rings without any 
reflection spots from metastable phases were observed in the resultant SAD pattern 
(Figure 55(b)), representing amorphous material as the primary composition in the indent. 
 
 
(a) (b)
 
Figure 55. DP from the entire area of 50 mN Berkovich nanoindentations in Si with 
unloading rate of (a) 0.278 mN/s and (b) 10 mN/s. Only boxed reflections are from 
untransformed Si-I phase. All unboxed spots are from Si-III or Si-XII. Halo ring in (b) 
represents amorphous material. 
 
 
To date, there have been two different views on the phase transformation path 
during the indentation of silicon. In the first path, it is assumed that extreme deformations 
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associated with indentation may lead to direct amorphization of the Si-I lattice under the 
load, in agreement with the reasoning given by Wu et al. [75, 76] and Clarke et al[4]. The 
resultant amorphous silicon, which is metallic at high pressures [46], may be retained in 
indentations if the unloading process is fast enough, similar to quenching. If the 
unloading process is slow, however, a-Si may transform into Si-III and Si-XII phase, 
although this type of transition was never reported in high-pressure studies. A recent 
study by Deb et al [38] has evidenced the pressure-induced amorphization of the cubic 
diamond silicon. That is, upon compression the (nano)-crystalline portion of the porous 
silicon transforms into a high density amorphous (HDA) phase which transforms to a low 
density amorphous phase on the pressure release. By using ab initio calculation a 
pressure-induced amorphization of cubic diamond silicon and the formation of a HDA 
phase around 15 GPa were predicted [39].  
The second possible transition path involves formation of the metallic Si-II phase 
in the process of loading[9, 47, 61, 62, 66, 71]. During indentation of silicon, the average contact 
pressure under a Berkovich tip reaches 12-13 GPa [99]. Our DAC results have confirmed 
the transformation from Si-I to Si-II at 11 GPa under nonhydrostatic conditions. At the 
point of maximum loading, in respect that the contact pressure underneath indenter is 
well above the pressure threshold for the metallic β-tin structure (11.2-12 GPa), it is 
reasonably conceived that the transformed area is composed of Si-II. Thereafter, Si-XII 
and Si-III or amorphous silicon can be formed from Si-II during pressure release, 
depending on unloading rate. 
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However, we should note that beneath the sharp indenter tip, the contact pressure 
is highly non-hydrostatic. Namely, the stress under indenter involves a significant shear 
component. It is widely received that extremely high shear stresses can greatly destabilize 
the crystal lattice and trigger a rampant process leading to amorphization. Therefore, the 
transformed material under indenter at the point of maximum load cannot completely 
keep a perfectly crystalline structure of Si-II. It would be more realistic to consider the 
presence of a small amount of disordered or amorphous phase in addition to Si-II which 
maybe highly deformed during the indentation process. This amorphous phase under high 
pressure should be of high density amorphous (HDA) structure in high coordination, 
resembling the six-coordinated metallic Si-II phase. It would be distinct from the 
tetrahedrally coordinated low density amorphous (LDA) form occurring at low pressure. 
Such a hypothesis is strongly supported by our TEM findings. Concluded from our TEM 
finding and earlier peers works, a schematic of the sequence of phase transformation 
induced during Berkovich nanoindentation (with a slow unloading) is illustrated in Figure 
56. Due to the sharp indenter used, the applied pressure is sufficient to initiate the 
formation of Si-II once the contact is established (Figure 56(a)). The transformed region 
is expanded with increased loading (Figure 56(b)). When the indenter reaches the 
maximum load, the transformed region mainly consists of a mixture of Si-II and a 
disordered HDA phase. On unloading, the pop-out event is often observed and widely 
interpreted as a result of the large volume change during the phase transformation from 
the metallic Si-II to less dense phases, such as Si-XII and Si-III. When the contact 
pressure under indenter is lowered to a critical level (~ 7-8 GPa) at which Si-II is no 
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longer thermodynamically favored, Si-II begins to transform into other less dense phases. 
From the electric measurement data [44, 66], however, it was observed that a sharp increase 
of contact resistance happened at the first part of unloading prior to the pop-out event, 
indicating the formation of a less conductive phase before the emergence of Si-XII and 
Si-III. Bradby et al [44] hypothesized that a small portion of Si-II is transformed into less 
conductive amorphous phase at the interface of unaffected Si-I and metallic Si-II, acting 
as an insulating layer for electric current. This hypothesis was not endorsed by the recent 
cross-sectional characterization of silicon nanoindentation showing no evidence of an 
amorphous layer between the transformed metastable phases (Si-XII/Si-III) and pristine 
Si-I [100]. 
Both these earlier observations and our results have pointed toward a phase 
transition mechanism during unloading described as the follows. During the first part of 
unloading prior to the pop-out, the contact pressure begins to decrease and the affected 
volume starts to recover gradually. At this initial stage, the Si-II phase tends to distort and 
swells to some extent to accommodate the gradual volume expansion. Accordingly, the 
disordered HDA phase becomes more predominant in the phase composition of indent 
(Figure 56(c)). When the pressure is released to the threshold around 7-8 GPa, Si-XII 
nucleates from the disordered Si-II and HDA phases, exhibiting the pop-out event due to 
a sudden volume change (Figure 56(d)). Rather rapidly, the Si-XII grains grow and 
encounter each other, leaving behind some retained amorphous/disordered structure at the 
interfaces. With further unloading to lower pressure, the degree of rhombohederal 
distortion in Si-XII somewhat diminishes. Thus, some Si-XII grains transform to Si-III 
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completely or partially depending on the local stress distributions (Figure 56(e)). Finally, 
at ambient pressure, the scenarios illustrated in Figure 46 - Figure 53 were observed in 
the residual indentation after complete unloading.  
Such phase transformation paths can well demonstrate the unloading rate effect 
on the resultant phase composition of residual indents. Although Si-XII and Si-III are 
thermodynamically preferred at low pressure, the nucleation of these phases needs to 
overcome a kinetic barrier. Thus, the formation of Si-XII/Si-III has a nucleation-limited 
behavior. In the case of slow unloading, Si-XII and Si-III can get sufficient time for 
nucleation. Then, these two crystalline metastable phases grow rapidly and occupy the 
majority of residual indent. Accordingly, the unloading curve exhibits a pop-out event 
due to the sudden volume drop. If the unloading rate is too fast, Si-XII is unable to 
nucleate or its nuclei can not effectively reach the critical size. Thus, the formation of Si-
XII is therefore suppressed. Under such situations, the material within the indent 
continues its structural evolution in a way analogous to that occurring in the initial stage 
of unloading (Figure 56(c)). The entire indented material may readily transform into the 
low-density amorphous silicon in a relatively continuous manner. It is reasonable to 
consider that there is no kinetic barrier for amorphous structure due to the pre-existence 
of some disordered/amorphous phases. Consequently, only the elbow event is evident in 
the unloading curve (Figure 56(f)). Only a-Si can be found within the residual indent 
after complete unloading (Figure 56(g)). 
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Figure 56. Schematic of the phase transformation sequence occurring during Berkovich 
nanoindentation. (a) On loading, the transition from Si-I to Si-II occurs once the indenter 
touches the wafer surface due to the sharp Berkovich tip; (b) With further loading, the 
transformed material expands to a larger region; (c) As the unloading commences, the 
crystalline Si-II firstly collapses into a disordered form; (d) when the slow unloading 
continues to the point of a pop-out event, Si-XII nucleates and grows from the disordered 
material. (e) With further unloading slowly, some Si-XII becomes unstable and transform 
into Si-III at low pressure, leaving a mixture of Si-III and Si-XII in addition to a small 
amount of amorphous materials which is retained during the unloading and commonly 
exists between crystalline grains of metastable phases as interfaces; (f) In case of a fast 
unloading, a-Si forms from the HAD and Si-II at the point of an elbow event. (g) When 
the pressure is released quickly, only a-Si can be found within the residual indent at 
ambient pressure. 
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4.3 Thermal Stability of Metastable Phases Produced by Nanoindentation 
A typical room-temperature Raman spectrum of a Berkovich nanoindentation in 
silicon is shown in Figure 57(a). Multiple narrow bands at 165, 350, 382, 395, and 430 
cm-1 suggest the presence of the Si-III and Si-XII phases within the residual imprint[26]. 
The heat treatment of the samples was carried out at 200°C for 5 mins. Thereafter, the 
Raman spectra of the residual imprints experienced significant changes. A spectrum in 
Figure 57(b) exhibits a rather broad band at 475 cm-1, together with another two narrower 
bands at 330 and 200 cm-1. These three characteristic bands are believed to correspond to 
Si-XIII, the structure of which has not been yet identified.[101] A weak band at 350 cm-1 in 
Figure 57(b) indicates that most of the Si-XII phase has been transformed into Si-III, Si-
XIII or a-Si. The band at 430 cm-1 in Figure 57(b) is of considerable intensity, showing 
that some Si-III was still remaining within nanoindents after a 5 minute heating. At the 
same time, a broad band appearing at higher frequencies (~510 cm-1, Figure 57(b,c)) 
probably comes from the hexagonal diamond structure (Si-IV), provided the published 
spectra of Si-IV[18, 102] represent this phase. 
The Si-XIII phase exhibited its metastable nature during extended heat treatment 
at 200°C. As a consequence, the ever-increasing content of Si-IV was monitored within 
nanoindentation upon further heating at the expense of diminishing Si-XIII bands and 
amorphization was observed throughout the entire heating process (Figure 57(c)). It is 
expected that Si-IV should transform into Si-I at higher temperatures and longer 
annealing times, as reported previously.[101] Raman spectroscopy results in Figure 57 
show the phase transition sequence in Si nanoindents at temperatures of ~200 °C as Si-
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XII/Si-III → Si-III/Si-XIII → Si-IV/a-Si. The transition sequence is also sensitive to 
annealing temperature and heating rates.[101] 
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Figure 57. Raman spectra of a silicon nanoindentations (a) after complete unloading; (b) 
after heating at 200°C for 5 mins; and (c) after heating at 200°C for 10 mins. 
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d=0.29-0.31nm d=0.29-0.31nm 
 
Figure 58. (a) BF TEM image of a Si nanoindentation and (b) a high resolution (HR) 
image of the edge area (Box 1) before in situ annealing in the TEM hot stage. (c) A high 
resolution image of the edge area (Box 1) and the selected area diffraction (SAD) pattern 
from the small flange after heating the sample at 200oC for 5 mins. (d,e) FFT-simulated 
DPs of (d) Box 1 and (e) Box 2 after heating at 200oC for 5 mins. 
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In the course of this work, in situ heat treatment of the samples was performed in 
the TEM hot stage. The nanoindentation shown in Figure 58(a) has been partially 
knocked off during ion beam milling. The inset in Figure 58(a) is a magnification of a 
flange area along the indentation rupture. The DPs in Figure 58(b), (c) were taken by 
choosing a selected area aperture to cover the small flange. To better distinguish different 
silicon metastable phases, the crystallographic parameters and major allowed reflections 
of various phases have been listed in Table 1 and Table 3, respectively. Exhibiting the 
feature of spot splitting, the DP in Figure 58(b) demonstrates that a mixture of Si-III and 
Si-XII was produced within indentation and was preserved during sample preparation, 
which also agrees with Raman analysis. Further, HRTEM investigations observed 
ordered crystalline lattice fringes of Si-III in the selected flange area (Figure 58(b)), and 
no a-Si was evidenced in SAD patterns.  
The sample was thereafter heated up to 200 °C for 5 min in the TEM hot stage 
and subsequently cooled down to room temperature. Kikuchi line patterns of the sample 
were monitored in TEM to ensure the absence of sample tilting and buckling during the 
heating process. The obtained DP after heating (inset in Figure 58(c)) lost its original 
features of crystalline Si-XII/Si-III, showing a diffused ring with weak spots and long 
streaks. Corresponding HR images revealed a mixture of amorphous, nanocrystalline and 
distorted structure within the flange area. The HR image in Figure 58(c) shows an 
amorphous structure within area 1 in Figure 58(a). It was also found that, from the outer 
edge (i.e., box 1) to the inner part (i.e., box 2) of the flange area, a completely disordered 
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amorphous structure gradually transitioned into a highly defective crystalline structure. 
DPs of these two boxed areas were simulated by the fast Fourier transformation (FFT) 
method. The DP of box 1 (Figure 58(d)) shows a diffused ring with even intensity. After 
calibration, the d value corresponding to the diffused ring was measured to be in the 
range of 0.29 nm to 0.33 nm. In contrast, the simulated DP of box 2 (Figure 58(e)) 
exhibits two strong streaks in its diffused ring. The appearance of streaks indicates that 
the lattice has certain preferred orientation. It can be easily conceived that the outer thin 
layer of the material has fewer constraints than the inner area and the lattice can more 
easily rotate and collapse into a disordered amorphous phase upon heating. The lattice in 
the inner area must coordinate displacement with the surrounding material and its rotation 
is restricted to some extent. Finally, the lattice fell into an intermediate state between the 
fully disordered structure and the ordered crystalline structure, producing long streaks 
that appeared on the diffused ring in the DP. Therefore, the residual stresses inside 
nanoindentation may play an important role in lattice rotation resulting in phase 
transformation upon sample heating. 
Figure 59 shows another nanoindentation which was located further away from 
the central hole of ion milled sample in a relatively thick area. Several microcracks were 
observed around this nanoindentation. Similar to the previous case, the DP (Figure 59(b)) 
showed the presence of a mixture of two metastable phases, Si-III and Si-XII. After 
heating at 200 °C for 5 mins in the TEM hot stage, two strong streaks with a diffused ring 
of amorphous material appeared in the obtained DP. As shown in Figure 59(d), the 
strongest elongated spots have measured d values of 0.30 ~ 0.33 nm and 0.29 nm, 
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respectively. Among all known silicon phases in Table 3, only the hexagonal diamond Si-
IV has an interplanar spacing (d) around 0.291 nm. A small selected area aperture was 
chosen for the boxed area in the center of nanoindentation (Figure 59(a)) and the 
corresponding DP shown as an inset in the HR image in Figure 59(c) was obtained, 
showing two adjacent planes of 0.31 nm in d value with an interplanar angle of 60 degree. 
According to the structural parameters of all silicon phases given in Table 1[12], only 
<001> zone axis of Si-IV can be indexed to such a DP and a high resolution pattern. 
Since the DP in Figure 59(d) contains long streaks, slight misorientation within the Si-IV 
crystals may exist, which might be a result of inhomogeneous residual stresses within the 
indented area. 
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Figure 59. (a) BF image of a nanoindentation located in the thick area of the sample; (b) 
SAD pattern of the same nanoindentation before heating; (c) HR image and the 
corresponding SAD pattern of the boxed area; and (d) SAD pattern of the entire 
nanoindentation after heating at 200°C for 5 mins. 
 
 
 
Although both indents shown in Figure 58 and Figure 59 consisted of a similar 
mixture of two metastable phases (Si-III/Si-XII) at room temperature, in situ heating 
yielded different structures at elevated temperatures. Clearly, the only difference between 
these two nanoindents is in their relative location in the ion-milled TEM sample which 
leads to different sample thickness. Moreover, even in the flange area of the first 
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nanoindentation (Figure 58), the inner part showed structure which was somewhat 
different from the much thinner outer layer. This provides evidence that amorphization is 
preferred in the thin edge or tip area within a nanoindentation; whereas for the thick area, 
the formation of Si-IV is observed. Therefore, such phenomenon can be referred to as 
“the thickness effect”. In other words, the sample thickness is a key factor that determines 
a particular phase transformation path upon heating of the indents. This notion is further 
supported by in situ nanoindentation-TEM experiments, where the phase transformations 
in the loosely constraint thin silicon films were reported to be suppressed during loading 
[103]. 
In addition, both Raman spectroscopy and TEM results showed that 
amorphization took place within the residual indents throughout the heating process. 
Even before the heat treatment, the residual imprints were found to contain small 
amounts of a-Si between metastable crystalline phases (Si-III and Si-XII), although the 
DPs did not show obvious halo ring patterns. HR TEM images showed that both the a-
Si/Si-III(or Si-XII) interface before heating and the a-Si/Si-IV interface after heating 
were uneven and distorted. This indicates that amorphization, whether it happened during 
pressure release or during in situ heating, proceeded by similar mechanism: distortion-
induced-amorphization driven by the inhomogeneous residual stresses after pressure 
release or an inhomogeneous stress field results from phase transformations during 
heating. 
The Raman spectra obtained from the residual imprints after heating at 200°C 
suggested the presence of a new structure, “Si-XIII”, similar to the spectra observed in 
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annealed DAC samples (Figure 39). However, no evidence of an unknown structure was 
found in the in situ TEM investigation of thin indents heated to the same temperatures. 
Such discrepancy between the Raman spectroscopy and the TEM results need 
considerations. First, the hypothesis that SI-XIII is simply the hexagonal diamond Si-IV 
was previously considered and excluded [26]: despite the similar formation conditions 
(temperature range) for Si-IV and Si-XIII, the new phase has a much narrower 
temperature stability range and a completely different Raman spectrum. Note also that 
the heating temperature (~ 200°C) seemed insufficient to promote surface oxidation of 
silicon during heating in the open air, as evidenced by energy-dispersive X-ray 
spectroscopy (EDS) experiments, although an extremely thin (several nanometers) layer 
of native oxide on silicon surface is possible. In addition, if this were a surface oxide, it 
would grow further with increasing time or temperature, while in our experiments, the 
new phase was replaced by a-Si or Si-IV when the exposure time at 200°C was increased 
or temperature was raised above this point. Second, as demonstrated by Raman 
spectroscopy, Si-XIII has a very short lifetime at elevated temperatures [26], and therefore 
it can transform easily into the amorphous phase or Si-IV even after short time heating in 
TEM. The indents observed in TEM must be in the electron-transparent area of the 
sample, which typically has a thickness on the order of one hundred nanometers. After 
the sample thickness reaches this range, the residual stress must be relaxed to some extent 
and the entire stress field changes within the indented area. On the contrary, Raman 
analysis was based on the spectra collected from nanoindentation constrained within the 
thick untransformed material (40~60 µm thick wafer). Recalling the thickness effect 
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discussed previously, the entire phase transformation sequence and the threshold 
temperature for the formation of Si-XIII could have been altered in thin TEM samples. 
Then, the Si-III/Si-XII could transform directly into a-Si or Si-IV during in situ heating at 
200°C in TEM, skipping the formation of the new Si-XIII phase.  
To investigate this further, four indents placed along a line on a silicon wafer 
(indents a,b,c,d in Figure 60) were chosen to give a gradient of thickness of the remaining 
material under the indents. Due to the identical loading conditions and orientation of 
nanoindentation on the wafer, the selected indents were expected to show similar phase 
composition before ion milling, which was indeed confirmed by their similar Raman 
spectra. However, because Si-III and Si-XII may easily decompose into a-Si or transform 
into Si-IV when heated at a relatively low temperature of 200°C (as shown in the 
preceding sections), even interrupted ion milling had an unavoidable effect on the 
stability of metastable silicon phases in the thinnest part of indentations. The targeted 
four indents produced 3 different SAD patterns as shown in Figure 61. The first indent 
(indent (a) in Figure 60 and Figure 61) consisted of a-Si and a small amount of Si-III.  
Most of the Si-III crystals were oriented along either the <1 2 0> or <23 0> zone axes. 
Indent (b) showed a DP consisting of diffraction spots from the crystalline metastable 
phases (Si-III and Si-XII) and some traces of a-Si, with the crystals oriented 
approximately along the <111> zone axis of Si-III.  In order to simplify the interpretation 
of the zone axis for these two similar structures, the crystallographic index of cubic Si-III 
was used for both metastable phases.  Indents (c) and (d), located in the thickest electron 
transparent areas, produced DPs identical to the phase composition of the original 
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residual indents right after the indentation test, showing Si-III/Si-XII crystals oriented 
primarily along the <11 3 > and <11 5 > zone axes of Si-III. This suggests that the 
metastable phases in indents (a) and (b) had been modified during the sample preparation, 
probably because the remaining material underneath these indents was partially milled 
away and heated to a certain extent. It seems that the metastable phases in indents (a) and 
(b) have not only been partially decomposed into amorphous material, but the remaining 
crystals have been reoriented to a large degree. In contrast, no a-Si was detected in 
indents (c) and (d) after ion milling. 
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Figure 60. Schematic illustration of the TEM specimen prepared by ion milling. The 
thickness of the remaining substrate underneath the indents located farther away from the 
central hole ((a) through (d)) is increasing. Central part of indent (a) has been milled 
away. 
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Figure 61. (a-d) TEM micrographs and selected area diffraction (SAD) patterns of the 
targeted four indents  ((a) through (d) marking corresponds to that in Figure 60) prior to 
in situ heating; (e,f) SAD patterns of (e) indent b and (f) indent c after heating at 175°C 
for 5 mins. 
 
 
  
126
Table 5. SAD analysis of four indents shown in Figure 61 after in situ heating. 
 
Treatment Indent a Indent b Indent c and d 
Before heating a-Si+Si-III Si-XII/SI-III 
Annealed at 
150°C 5 mins 
 
Si-III/Si-XII
Annealed at 
175°C 5 mins 
 
Si-III/Si-XII+new 
phase(Si-XIII) 
Annealed at 
200°C 5 mins 
 
Si-III/SiXII+
Si-IV+a-Si  
Si-III/Si-XII+Si-IV 
Annealed at 
225°C 5 mins 
 
 
 
a-Si+Si-I
Si-IV+Si-I + 
a-Si Si-IV+Si-I 
Annealed at 
600°C 30  mins 
Nano-crystalline Si-I 
 
 
The subsequent in situ heating of the four selected indents in TEM was performed 
in the following steps: heating up to 150°C and holding for 5 mins → cooling down to 
room temperature (RT) →  reheating at 175°C for 5 mins → cooling down to RT → 
reheating 200°C for 5 mins → cooling down to RT → reheating at 225°C for 5 mins → 
cooling down to RT → reheating at 600°C for 30 mins. DPs were obtained for 
comparison after each step of heating (see Table 5). The four investigated indents, 
representing three types of starting mixtures of various metastable Si phases due to 
thickness-dependent heating effect associated with ion milling, demonstrated three routes 
of phase transformation during subsequent in situ heating. The first transformation route, 
which occurred in indent (a), showed the decomposition of Si-III during the first heating 
stage at 150°C for 5 mins. Some Si-I nano-crystals were formed during subsequent 
heating cycles. Indent (b) showed the formation of hexagonal Si-IV during sample 
heating to 175°C and a complete decomposition of Si-III/Si-XII after heating to 225°C 
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for 5 mins. In Figure 61(e), the spot with the d value of 0.29nm in the DP after heating to 
175°C indicated the formation of Si-IV. The last two indents (c,d) in the thicker area 
showed the third transformation sequence in which an unidentified phase emerged after 
heating to 150°C and vanished before the onset of Si-IV formation at ~ 200°C. The 82 
degree pattern with both d values of 0.31 nm in Figure 61(f) cannot be indexed to any 
known silicon phase. Both the volatile nature of this unidentified phase upon heating and 
its formation as the intermediate phase between Si-III/Si-XII and hexagonal Si-IV 
identify itself as the same new structure observed by Raman analysis, Si-XIII. Similar to 
indent (b), the metastable Si-III/Si-XII phases faded away during in situ heating and 
disappeared completely after heating to 225°C. It was also observed that after annealing 
of the TEM sample at higher temperatures (~600°C for 30 mins), only nanocrystalline Si-
I remained in the residual imprints. Therefore, different phase transformations are 
possible. 
Figure 62(a) shows a 50mN indent after an in situ annealing at 175°C for 5 
minutes. One of its DPs contains spots with a large d value of 0.51 nm which can not be 
assigned as any other phases but Si-XIII, as shown in Figure 62(b). Meantime, the 
appearance of spot splitting in the DP is noticed after annealing (see circles in Figure 
62(b)). Figure 62(c) shows the corresponding high resolution lattice image, the FFT 
simulated pattern of which coincides with the spot splitting observed in Figure 62(b). 
Based on the lattice images, we conclude that the spot splitting is formed due to the phase 
transformation from Si-III (the top part of the lattice image) to the new Si-XIII phase (the 
bottom part of the lattice image). Thus, the DP is an overlapping result of reflections 
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from two phases. The intermediate highly disordered zone indicates a gradual and 
sluggish process of the Si-III →Si-XIII transition. More high resolution images and SAD 
pattern of annealed indents showing the characteristic pattern of Si-XIII have been 
obtained. See details in Figure 63, Figure 64, Figure 65 and Figure 66.  It is also 
commonly observed that crystal lattices of metastable phases were strongly distorted 
during annealing (Figure 67). Therefore, most SAD patterns of annealed indents contain 
long streaks on reflections. 
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Figure 62. (a) BF TEM micrograph of a 50mN nanoindentation after a 5-minute in situ 
annealing at 175°C and (b) SAD pattern which contains Si-XIII spots with a large d value 
of 0.51nm; (c) A high resolution micrograph showing the interface between Si-III and Si-
XIII. 
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Figure 63. Lattice image of a large Si-XIII grain (82° pattern) from an annealed indent. 
After annealing at 180°C for 5 minutes, Si-XIII is often observed in nanoindentations. 
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Figure 64. High resolution image of indent subjected to a 5-minute annealing at 180°C. 
This micrograph represents an intermediate state of the phase transformation Si-III → Si-
XIII → Si-IV. 
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Figure 65. SAD pattern of an indent (a maximum load of 50 mN and a 60/180 sec 
loading/unloading time) subjected to a 5-minute annealing at 175°C. The circled spots in 
the pattern are believed to belong to the (200) reflections of Si-III. Besides the strong Si-
III reflections, there is another weak pattern which include some spots with high d values 
(0.70 nm and 0. 66 nm, etc.). These high d/n values are consistent with the XRD pattern 
of Si-XIII obtained in DAC experiments.  
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Figure 66. High resolution lattice of annealed indent (with a maximum load of 50 mN 
and 60/180 sec loading/unloading time and after a 5 minute annealing at 175°C), showing 
a large interplanar spacing around 0.70 nm. 
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Figure 67. High resolution image showing highly defective lattices in annealed indent 
and its FFT simulated DP. Such commonly observed microstructure has well explained 
the long streaks in SAD patterns of annealed indents.   
 
 
A schematic in Figure 68 represents our current understanding of the cycle of 
phase transformations occurring in silicon under indentation and during subsequent 
annealing of residual imprints. The initial and final phase is always Si-I, which is the only 
thermodynamically stable phase at ambient pressure. Annealing greatly facilitates 
material recovery to the cubic diamond structure; otherwise the extremely slow 
transformation kinetics makes Si-III/Si-XII the predominant components in the residual 
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nanoindents. The intermediate structures between Si-III/Si-XII and Si-I are probably Si-
XIII, Si-IV and amorphous silicon. 
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Figure 68. Schematic illustration of the phase transformation sequence in silicon 
nanoindentations during indentation and subsequent annealing. 
 
 
 
As noted in the introduction part，TEM investigations of silicon indentations to 
date have delivered inconsistent observations which result in the difficulties in 
interpreting the mechanical response of silicon to contact loading and understanding the 
phase transformation mechanisms of silicon during indentation. Over the last two decades 
or so, the materials research community in this field has not yet developed a 
comprehensive picture of indentation induced phase transformations and metastable 
phases of silicon produced by contact loadings. Moreover, compared with the successful 
application of nanoindentation and Raman spectroscopy in this area, the TEM studies 
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have been severely hindered by the difficulties of sample handling and the possible 
artifacts resulting from sample preparation. 
The results of this research have yielded substantial insights into the 
microstructural changes induced by indentation in silicon in the following aspects. 
With the aid of Raman spectroscopy, the ion milling induced artifacts in plan 
view TEM samples of silicon indents have been clearly identified. Being unstable upon 
moderate heating, the metastable crystalline phases produced by nanoindentation 
collapsed into amorphous structure after one hour continuous Ar+ ion milling in PIPS. 
However, in earlier TEM studies[4, 58, 59, 75, 76], the artifacts of sample preparation were not 
taken into account. This may easily clarify that, while Raman spectroscopy analysis 
revealed the presence of metastable crystalline phases, most TEM papers before the year 
of 2000 reported only amorphorization during indentation[4, 58, 59, 75, 76]. In this study, the 
method of interrupted ion milling has been proven effective to minimize the artifacts of 
sample preparation and keep metastable phases retained in residual indents. 
Meantime, while cross-sectional TEM observations were performed on silicon 
nanoindentation thanks to the newly developed focused ion beam milling (FIB) technique, 
most studies [65, 73, 91-93] were reluctant to discuss the possible artifacts resulting from the 
Ga+ ion milling. Although the FIB process involves less mechanical damage and short 
milling time, the heavy Ga+ ion beam used has a rather high working voltage of 30 kV. 
As identified by Raman spectroscopy analysis, structural damage of residual indents 
seem unavoidable during the FIB milling process, even with a very low beam current (~ 
70 pA) in the final cleaning steps and a moderate sample thickness. Therefore, our efforts 
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of preparing cross sectional samples from silicon nanoindentations using FIB had limited 
success. Moreover, more damages can be foreseen in thinner samples for high resolution 
observations which require further milling steps. Both introducing a third Ar+ ion gun in 
FIB station for final cleaning to remove the Ga+ ion induced damage and adopting a low 
working voltage may lessen the damage in residual indents in silicon. 
For the first time, two structurally similar phases, Si-III and Si-XII, have been 
distinguished by electron diffraction and their spatial distribution within residual 
Berkovich nanoindentation has been revealed in our work. We observed Si-III 
surrounded by Si-XII located at the pyramidal edges of the indents. Accordingly, the 
calculation of residual stresses showed a much higher residual stress at the edges than in 
the center area of residual imprints[61]. Thus, the phase formation sequence – first Si-XII 
then Si-III – during unloading is indirectly confirmed by TEM. Recently, a cross 
sectional TEM observations also delivered similar findings of phase distribution in 
spherical nanoindentation of silicon[61]. Therefore, consistent with Raman spectroscopy 
analysis, TEM results confirmed the phase transformations of silicon including the 
formation of Si-III and Si-XII during a slow unloading of nanoindentation. While in situ 
DAC experiments unambiguously showed the formation of Si-II from Si-I under uniaxial 
compression, the existence of Si-II under indenter at the maximum load has not been 
directly evidenced.   
High resolution observations of uneven interfaces of metastable phases in 
Berkovich nanoindentation supported a reconstructive mechanism for the formation of 
Si-XII and Si-III during unloading. In addition, the results of both nanoindentation and 
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DAC confirmed that the resultant phases of silicon after contact loadings were strongly 
dependant on the unloading rate. This indicates a sluggish, nucleation limited formation 
of metastable silicon phases on the unloading of contact pressures. 
In this study, the phase transformation sequence of metastable phases during 
annealing has been established. During the heating process, TEM observations showed 
no sharp and distinct interfaces between various silicon phases. Thus, a reconstructive 
mechanism is also strongly suggested for the reverse transformations from different 
metastable phases to the cubic diamond structure. The formation of the new Si-XIII phase 
as an intermediate structure between Si-III and Si-IV is found to be not only sensitive to 
annealing temperature but also dependant on surrounding constraints. However, much 
less frequent occurrence of Si-XIII phase in DAC samples than indentations cannot be 
explained at this time.  
Following this study, the research of contact loading induced phase 
transformation in silicon can be extended in the following directions. 
First, the exact crystal structure of the new silicon phase (Si-XIII) is still to be 
determined by additional micro-XRD experiments. 
Second, although the shear component in contact pressure is believed to lower the 
pressure threshold for phase transformations in silicon, no systematic study has 
been reported in literature. Respecting the nonhydrostatic nature of most contact 
loading conditions, a quantitative study on the effect of deviatoric stress on phase 
transformation in silicon is of fundamental interest.  
  
139
Third, because the mechanical properties of materials depend on temperature, the 
high temperature indentation experiments would lead to the understanding of 
different phase transformation paths under contact loading in silicon. 
Finally, an ab initio calculation would be essentially important to understand the 
formation of the new Si-XIII phase and to correlate the possible structure 
candidate with its unique Raman spectrum. 
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CHAPTER 5.  CONCLUSION 
z A method for investigation of indented materials has been developed through a 
successful application of TEM techniques combined with Raman analysis and 
nanoindentation. This method can be applicable to a wide range of brittle materials. 
In addition to silicon work described in this thesis, our technique was successfully 
applied to boron carbide to show its applicability to one of the hardest and most 
brittle materials. 
z Under in situ Raman spectroscopy, silicon compressed in the DAC was found to 
undergo a phase transformation to the metallic Si-II when the applied pressure is 
11.5 GPa. Si-II transforms into two metastable phases, Si-XII and Si-III, during the 
subsequent decompression. From the annealing experiments of DAC samples, both 
Raman and XRD results have confirmed a transformation path of Si-XII → Si-III → 
Si-IV in most cases, while very few samples showed possible formation of a new 
silicon phase, labeled Si-XIII here.  
z The phase transformations of silicon during indentation and the presence of 
metastable phases have been confirmed within residual imprints. As evident from 
TEM and Raman results, two metastable phases, Si-III and Si-XII, have been 
detected by electron diffraction and high resolution lattice imaging. Using dark field 
imaging, the spatial distribution of these metastable phases (Si-III and Si-XII) has 
been determined. The HR TEM images revealed that the phase transformation can 
proceed either directly from one structure to another or through a transitional 
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disordered zone. Based on our results, mechanisms of phase transformation in silicon 
during nanoindentation are discussed in a rather comprehensive way. 
z Thermal stability of metastable silicon phases (Si-III and Si-XII) within 
nanoindentations has been investigated in situ and ex situ by using Raman 
microspectroscopy and TEM. It was found that the transformation of Si-III and Si-
XII into other structures begins at ~175°C. Raman spectra suggested the formation of 
Si-XIII at temperatures of ~200°C, which precedes the formation of Si-IV. In situ 
heating experiments at 200°C in TEM showed that different transformation paths 
exist for the metastable Si phases: in the loosely constrained area (extremely thin 
edge or surface area), Si-III and Si-XII may directly collapse into the amorphous 
structure, whereas the Si-XIII and Si-IV phases form from Si-III and Si-XII in 
nanoindentations located in the relatively thicker areas on the ion-milled sample. It is 
also proposed that amorphization during heating proceeds by a distortion-induced 
disorder mechanism. The phase transformation sequence during heating was 
established as Si-XII → Si-III → Si-XIII → Si-IV/a-Si → Si-I. 
z While consistently found in nanoindentation, the formation of Si-XIII was only 
observed very rarely in DAC experiments. Therefore, it seems that the formation of 
Si-XIII is significantly promoted by deviatoric stresses and/or constraint of 
untransformed Si-I around indentation. Following Raman spectroscopy analysis and 
TEM observations identifying the presence of Si-XIII and determination of the 
temperature range of its formation (150 - 200°C), there is a need of additional 
characterizations of micro XRD to resolve the exact structure of this new phase. 
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APPENDIX 
List of Abbreviations 
L-D    load-displacement 
TEM    transmission electron microscopy 
cd     cubic diamond Si-I 
β-tin    tetragonal Si-II 
hcp    hexagonal closed pack 
fcc    face centered cubic 
bcc    body centered cubic 
bc8    body centered cubic Si-III 
r8     rhombohedral Si-XII 
a-Si    amorphous silicon 
DAC    diamond anvil cell 
st12    tetragonal Si-IX 
HDA    high density amorphous 
LDA    low density amorphous 
SEM    scanning electron microscopy 
DP    diffraction pattern 
SAD    selected area diffraction 
BF    bright filed 
DF    dark field 
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XTEM   cross sectional transmission electron microscopy 
XRD    X-ray diffraction  
WAXD   wide angle X-ray diffraction 
HR    high resolution 
HRTEM   high resolution transmission electron microscopy 
EDS    energy dispersive X – ray spectrometer 
EELS   electron energy loss spectrometer 
FFT    fast Fourier transformation 
FIB    focused ion beam 
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